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» FOREWORD ,

_‘.’_‘q .
2 Thess papsrs are to be presented at tha Sacond ;
Y Sysposiua an Dotcnation boing sponsored by th... .
oA Offics ox 9, 10, and Ll February 1955. Two volumes
Y. ars being .ssued one contuining the unclnssified

and tihe other the claasifiad pupsrs. Inasomueh as .
these proprinta are receiving a lamited distribu-
tion they are nal to be considered as a substitute
for . . '~n in srpropriate scientific Journils,
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‘he .. .t of this symposium is to bring
togsther scieuvists from guvernment, univerully arnd
iadustry to discuss recent advances in theory,
experiment .and applicuation in this field of chemi~
cal physics,

This Cffice is of the cpinion that tae sympu~
sivw &t which thess papers will be discussed wiil
stimulate new .esearch in this complex field. The

eincdils

LR L
ok

2 redationsnip of advances in the itiowledge of dato-
5.. nativn phenoteus to the effectivansss of the uss
Foe, of moleculsr explosives makesa this aspect of
b science of importance to the Depurtment ~f the
k- Mavy and the Dapartment of Dafanss,

76 all thoae who ura contrititing pupers and
'Sf . plan to attend tais aympoum, Lie Cilice of Hava
o Rescarch expresser ils appreciuticu,

: ' -~ '

¥ R. “LRTH
heor Admiral, USN
tniaf of Haval fesearch
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FACTOQS AFFECTING THE TRANSMISSION OF TLOMATION

wT’\%NSHAILEAPIDSIVSVHA Es'oot-'noocooo-.
L. D. Hampton, J. Javitt, L. B, Sturr, snd R, H. Stresau

Ued, Navul Crdaasce laboratory

THE CORREIATION OF THE SENCS1TIMwiudS OF EAFLCSIVES #ITH
COLEUSTIC}‘DAT”’AQQ'Q!O000000!'0.00...00
P. G, Whitoread and L. A. visemun
Ministry of lupply, England

PRONIELS OF INITIA .uN IN TESTS OF SENSITIVENESS . o 6 o o &
E. G. Whitbread
Ministry of &.7ply, Great Britain

IEAD AZIDE PRECIFITATEZD wITH POLYVINYL ALCOHCL o+ ¢ o 4 o o o
T. Gaymor Blake, Qlin Mathieson Chemical Corporution
Donald E. Seager, Ficatinny Arsenul
Richard H. Stresau, U.S. Naval Crdnunce Labs, utory

TRERMO=-HTUAODTNAMICS AND REACTION {INETICS IN SOKE METALIZED
mI-OSIm L ] * . - L] L] * . L ] * * * 2 * * L ] L ] A L ] L ] L] * [ ] L] *
Mslvin A, Cook, Aaron §. Fillapr, Robart T. Kayes,
Wlliam 3. Partridge, and WVayne O. Ursenbachn
Univarsity of Utsh

CONDITIUNG BEHIND THE h«sCTION ZONSB OF CONFINED COLUMNS WF
EXPIOSIVE ~ NOTIONS wuuRIVEN FROM PIATE "™BNT EAFERILENIS « +
W. Y, Slds and R. H. Stresau
4.3, fiuval Ordnance Llaboratury
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Alacet all intentiopally established explosive resacticus,

vhether fur lab.atory experiments, comaerciel applications, or in
crdnance itews, sre initisted Uy swans af rslstively vea: impulses.
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Theve veak impulses. vhetber mechanical, eisciricei, or thermal,

B generally ignite daflagration of the cxplosive msterial vhich, under
e favorsble circumstances, accelaratas vapidly, generating shock vaves

viich may be incvense anough to establish wetomation. By the nature
of this rrocess, the incipient dstanatics thus establisied is the
mildest reaction vwhich can propaghte as & * ‘onation end must grov
tu its stable rate., The ous phames of this process have been
discussed by Kistimccuskills, Bowjag aund Yor2e(2), Byring et a1(3)
tndwmasit) " Gamow and Finklesiein(S s ALl mARy others.

The ude of & larev uwarge 3® an uplosive 19 which tlic entire
process vill rsadiiy texe rlace is so hazardous that it is slmogt
vever dome. The usual preciice is that of subdividing tha axplosive
charge into two or mere campormats in which there is a general
inverse sslationship betveen dize and sensitivity and of isolating
L saaller, wore sensitiva, componsnte f£rom the | arger cncs until
a8 saoitly as possible before une shargs is +0 be detcaated.

N

i Fechanlcal design considaravicns and ibe Zact that the most

ﬁ‘@ silective paterisl for one phase of this process is uot nacessurily
i""ﬁ the mwe. effective for another phese results in further subdivision
Edn 3 of explosive charges. Practically every detonation of intentiomal

3¢ origin, in the course of its growuh, hss encountered “ne or more
) discontinuities. The rcliability with which detonation can e
transmiti 3 across these discontiuuities is affecisd by a wils
v, lety of factors including she properties of the axplosive
wetorialy invoived. the denaities at which they are loaded, the
matsrfals ia which thay ara confinnd, their absolute snd relativm
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Rammtop, Savitt, Starr, Stresau
COYOIDULTIAL

sizes, their reimtive posiitions, and the rture and position of any
intaprvering mytevials. It 1@ nbyicus thet so many parmuwirtionn of
these rfaciors are posatble that thorce will never e .= 49
invastigats all of their interecticas.,

Mcst of the vk walch bas veen dcae by the authors in Wwis
Zield nms involived datqgrminaticas of the capditions under whick e
crarge, vhich ve have called the "domor™, vill indtlats ancther
movn 22 tus "acceptor”. In scwe cases. tis dogors and acesptors
vers standard or proposed explosive train componsnte suck as
detonatora, laads, boosters, or simulated main charges. Mors oftsc,
special, idealized componsnts nave been used.

Cxperioenta ly, detouation $s usually considared to have been
trarsnitted welusen two chiarges I the acceptor detonates wiib
pasrly its wiximm futessity. Juder soee circumstiaces the criterfon
used to differentiste hetween "fires" and "misfires” intrcduces
questicns cf orders of destonatiocn, but in most expuriments the outpul
o tie mcceptor is sither practically negligible or s0 near the
maximum that the differences ave Aifficult to datect. Ii Jdoes not
follow that all charges «liasified as "fires" are initisted st tbeir
stable datcnation rates. The asual situation 1s quites tls opposite
since 1in experimentm almed at detarmining ths thresRoid con.iticas
Tor in -iation, most trials vill be mede wnder conditions very near
the threshold, It does follow that most explosive charges, if they
detcnate at all, duild up to atadle detobatian quite yuickly. The
troasmissicr of datenaticn involves the capletion Ly the donor of Ll
cstavlighment of conditicna vhiceh insure the grovth of dstonation.
Wnethar the dominent initiatioz mechenigm is hiaogeneous coxprescive
heating of ihe volld explosive, intergtitiel Weaiina rluted 4o
nbopnjen2ity, or fguilion by air siuslk el reaction rvoducts,
conditicos necessary for the aromiv of datoaai.cu mre those of high
tezperaiine and preassce.

i c2ch of the transmiseion .ochanisms mentioned, the growth of
dstonation deperds pan the rise of teeperatice and presaure dua to
the excess of hoeat and gas evolved over that loet to the s suem. Due
¢ Tea £201% times involved In tause processes, heat losass dve to
conduction are probadly second arder effscis so that the principal
~roling mechgniom 1a ¢the amoengion of the ; geg snd othso zoteorisls
prenent. The nost inpartant factows which affact the trepsmisajlon
of detopation are tiwse vhich affect the vigor of the reacticn which
13 esteblished in the azceptor and those which retard the expansion
of e products of the reaciiva. Lo moes wiperimental situailons »
the varicu: faztors iuvolved ai1e 80 intervovea that 1t i3 difficult
to sopavatc their ffects, but wost of the experimental . ssults
illustrata thens generalitisg un aorlviously thet this fact hardly
L1eds 0 Du pointed out,
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The date ddsciused buraln wooe cbtalnad by & varlaty &%
avaprimeatal peccedures, qQuite a Teu of theas evperiments were
determinavicns X tho aritical conditions for the iniilation a1
delotatiun Wn une explosive clenant by usans of anovther, The
eritical canditicn 1s dalfinad as tio loast fa7orabis OF the series
of related conditiona for whieh the donor wil) ipitiate detomation
of the aseesptar. Sch infovmation unfortumstely cannot be obta.zed
for any one ccuoiration of & doner and an acceptor. All that zex be
learnad Irma e shot is toatn the acceptor was or vas not initiated.
The Cirst sxperinent which s ggesis itself is that of “workizg "
to tha critical point frax eack sida with s serics of streddling
saots using ldantical &CTiTs and acsaptors. Howewer, 1t is
Imovantisel, 12 not “—possinla, v wake cozponents vhich are naarly
eanorgh identizal for this iype of experisent, thus ssch set of domor
ard acceptor has a unique critical point. The experiment must de
ddrected tovard d2termining the aversge critical poiat vhich, uwpon
& lltile refloctict, can be seen to be the point at wvhich 508 of the
acceptors fire., NNMhuoing the past var a method for determining such
utatistics vas d2vised Ly the Explosives Research labaratory,
Bruceton, Pa, It was analyzsd and refinsl by the Statistical
Rasearch groug of the Appiled Mathematics FPecel at frincetan. This
asthod, which will be referred to herein as the Bruseton method,
involves a series of trials ¢hs canditions for each of vaich are
deteruined by the result of the previous trisl, and is dsscrided in
aore detail in & repart o the Statistical Ressarch group of taw
Avpiied Halleoatics Fanei(S),

veliterie of Cetonetd s

The Bruceton methiu is applicavie only where the resnulii of a
single trisi can be placed wefinitely in one of two categories; in
tie case of propagation tests, detonatiaor failure of the accertor.

Cetmaation ‘m a marginally Iaitistsd charee quite obviow:' . ia
initiated at samething less than ius stable :ate, Siable dstxmatioca
i achioved nly cfter a certain awouat of the swccedinw aPloive hus
teon cms aed. As the viger of inltiatica is increased, tia quantity
of explos‘ve consumed in the growih proness stould be expected o
dacvrudse with a correspouding increace in the outpuv ¢ the acceptor
oo inaicaved by the damege tv ! is case or by other critcris which
might be usad. Thus, in an axeriment %o determins the ~onditions
wide. which detomation {s transmitted fruw une charge to ancthar,
the result may depand upcn ‘he eritarica of datonetion used to
ciageify o given trial as & "fire" or "“miafire". Tho saricusnass or
tnis effect dspends upon ths reiationship between the rats of
culld.p and the variction of characteristics frem one 'ndividual
dCulr Or meceptor t9 another. It will te shown in & later section

3 Culr JUSYY JAL
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of thiy paper that Wls effect win nc §udic serions uvder some
cundinione tub $ha% 4% Bas negligibis ifnflueasce in fhs vange of
conaltions under which moat of the data reported herein were obteined,
in the Yrusacton wp aed Adown -vperim.-nta vhich vere used to cbituln a
large pert of tocse dwws, dsaividual toicls dn winled the \.1-’-5‘ Si-

eriterion of detanaiiun vers rere.

Physicsl Arrangement

Althcough dste ottained by msens of & variety of exparisents are
Alscussel Sivein axzm'imnts of the kind schematicslly 1lwtrat
in Xigures 1 u.nd. are the gourcee of most of the data.
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}JJ i 1 !’i "'l._m 2
Sooster Senaitivity Test(7) Zz31l Seale wp TestlT)

The avperiental arrgrganent shown in Figwe 1 wag ussd by
Tjster, Smita, rad Waltm{8) to lnvestizate the effect of a variety
~¢ factors won the transmigsion of detorstioa. That shown in
Ptsre Y hus hean used extensiveliy by the auvaors of this pagp=r,
The eners;;, transfer between donor and acceptor in the Locstaxr
sensit.vity test /3 accamplished by the transmission of shock waisa
thicugn wy betveen s#511d asterials, a relatively simpie process.
Tranmalsgin acrads an air gup ae in ligwre 2 is aamewhat mor=
camp Lichieu sisce tlga air io a shock zZone ie extremslv hou, . the

ordar of 10,000% (9), and is folloved by & mass af product mses
WLOSY DAY .'cle vuoci';y s cloge to the shock velocity adld whose

' s . ———
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dezsity 8 quite apprecinble, DoiL the ni L temparature o e aly
And the “1311 tinetic enzrgy of the pooduct gases nay ba more
{mportant fastors in the rransmission of detonation than the air
anank ag such, The conrinsmert, which ie necesessy bvecsuwe of the
ﬂ"Au aeale, 5dds fcther complaxity. The differcnzea batusen thecs
S v,wen of auperiments aze such sl wa; points on vhic) they agrea
mat be of reasonsbly geperal applicanility.

Obgarritions and DY scu.as.n.an

Factors Related to Dinensiors of Explosive Charges

It 13 sslf evidont that the effeciiverzss of the tranamigsion of
datonaticn shousd increosse with the size of the donos charge. With
very small donars. the olametar effact can cause significan* dacreasa
1n the s*atle dstonaticn voloeity and the detonatico may not ~wow S
18 macimen stabls reie. After stabla datonstion av & rate clou:u
evproximating the ple-s vave loicnation rate aea boen achilewvnd; the
effentivenass of & donor ccatinues to increass wita size besiuse the
larger wass of explosive products taikss longer to expand and tius
maintuins conditicse canducive to growth of detonation in the
acceptor for s longer tine. In a gap or barriar test, this combines
vith the goneral scaling law which applies generally ‘o expiosion
phenomena. As the diameter of ths donor is mcmsed the c:fitica.l.
aap or toyrier thickness incr-sseqﬂncre rapidly. = Tadvla I e
data uf Byster, Smith, andi waltaoniv/ show this rehtionship.

Critical Thickness, Wax Daurier

Booster Diam., Waight

_{inches) {gn) Pentolite Comp A-3 Comp B Plciatol 52/48
3.C8 4.8 1.13 N3 0.7% 0.kl
1.5 105, ol DN 1.2 1o
Ze50 ney, 259 3.51 2.2 1.7
Table T

Boobter Senaitivity Test - lealing h.“zpe -t w T8
(Tatryl Doostar - Twe Jaches lr;,

The ralatisnchip s &lzo apparcabl tu igwe 5 Al UMM L SuE af
the present avthors. The deviation froae geonetrical ecaling :an pe
ascrivec to the time fucturs involved. The times cesociutad vith the
uydgodyusmic shock phenomensa are essentially transit tire ~ aond bence
vHry propcstiuvpally with linear dimansions vhile the raaction ti ¢ of
tt2 avceptor azplosive i= dapendent uoen local conditicns Jn tha
reaction zcan.

foe principal effect of acceptor dlametes 13 that upou the
resistance of the aysten %o the expamngion of the mitar ol of thes

5 CONR IDEE0T ),
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. ~§ renction vcne. When an explocive ~harge ! mcontined, iis §
: 3 segiatance to expausion incressss; of cowar2, with itc disaccer so
i." ‘i Whel larges chargus are nore eaglly initiated, This effect has bean
S g demcastrated by EBysisr, Smitn, and Waluomi8), whax iis asseptor is i
S Meavily Cuadlacd iD 2 melal such as copper, the «fifect o (ta :
i a deamater uped itc apparent SsLsitifiTy 18 S@evha’ more uniea.  1ue P>
; apdoalve matavrial afforda lsss jesistance (0 expansicn than the l
csafining mediien a0 that w amali razziton nuelsus 18 auwwtorted by the N |
proaximity & the walls., Thus the spparent rsistive sensitivity of the g
accepor dapends upon the domor Gisnatiar. Figure 3 shows this Quite

optiauz acceptour diamstsr 1s siigitly lsss thas tha Ion0r ddureter.
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Figura 3 ) !
Alr Cap 13 the Small Scele Gap Test as Related to Accepto-
and Donor Diameter

Whar- the growili. of 4detonation is incomrlete, tae effectivensss

of a donor may be expecled tn increase sharply with length. This

Principls 1is of creat practical “‘nportance when the dmor and

auceptor are the intermsdiate and taas charge of & dstamstcr., It 19 g
N
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1 dlscus-ed in some detsil by the proesent authore in a recent
u j pensr{10). Where tre tesnsiticn from bwrzing to datomation takes
o i place in lead azide it 13 so rapid tuat the effect of colum leagth

otgerred in most experioents is tLal cdsoclated with L growta of
the "head” of reaction products rather than toat f taoe Jdetcostiom.

g

= AB ths Jengit of % donor colwm is incressed the langth of the head

P of gases henind vthe dotvcaaticn fromt i incrsased W to the point

.‘;;.‘.‘-j| vusre radlal lossss bescame propcisrant. Boymma this point, Durther
R | increases i lz.gth regult in no incredass () offectivensss. fThis

o voint deiinde LpoR the mwanner in vhich the donor is confinel. The

Lsagth of s hesd affects map teut rasuits through its effect on the

NS
Kl

k. T attenuation of tha tranamitted shock wad accorpanying phancuesns eod
3 in rasisting the rearwsrd expunsion Of the AcE3DLOT react.on prolnsts.
& As might be wxpected, = given increase in charge welght ic less
e effective iu incxeasing the effsctiveness of & dopur wdan it is added
i by increasing the ledglh thzd woen the diameter is incressed,
Mgare 4.
280 -—
- /
240 N ALl CHARLES L_ADED AY 10,000 PSI lol
ACCEPTOR DIAMCTER 5,130 INCH 1
LOLENGTH 07 LEAG AZIDE DONOR i INCHES) ®\1 s 0.260
Do OIAMETER OF DONOR (INCHNES) L0283
09

coor,
. \J
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‘,: \ ° * 3 l\Lgo‘
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Figure &
Critical iAutial Alir Gaps Across Which Detonation is
Transnitied Botweer lead Azide and Tetryl

Tun affect of acceptor length uypon the trenmciasion of
datenaticn is usually qui‘e small. Whers a short donor is backed
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Lt
*.'-g by a metal plate, the shock veflscted from the backing nlata might
57:1 be axpected to reiulosve the incident sbica and increase tha
o v appearant censgitivity, One of the presant suthors has shovn(ll) thot
wit for coa auch aystem, toe length of the donc: had t¢ be rduced to
T 0.C25 luches, 3 vory small fTectiva of any othsr dimenszicn invelved,
- before this effect could be deiscted. A second eifect of accepior
5 lanzth upon sensitivity vhich may be reel or apparent devending upcn
‘3 intcrpretative point of view is that related ¢o growth of Jdetonstion
| n We acceptor. 'Mder circuastances where the growth of detcuationm :
vy mey require a columm iength of the same order of magnitude as the
-1 secepwr, a longer acceptor might bulld wp t0 & point vhere 1t would h
S b classifled as & "fire" whils a similarly initis t~d. accepter of -
o3 lassay lengliy would be classified s & "misfire”. "isur- 5 4t 18
g demonytrated thet zircumstances are possidble undu.- wvhich apprecidble
colurm lengths are required for tha growth cf deatcoation. l
E.. '
é” ﬁa Er
x 6
Pisur- 5%
Zxplosive Container Progments Showing the Effect of the Vigor of
Initiation Upon the Growth of Detonation in Tetryl
“The Alstince ‘<) tetween a dcuor of PETN loaded at a presswre o
10,000 pai and the three inch long accaptor of ‘etwyl, with a
diameter of U.300 inches, icaast &t a Presswrc of xv,O{)O poi,; vaa
varied a8 indicated. Note ¢hst the growth to high order letoneiion
1o the ucceptor as reflacted by tha distortisz of ths accept
crontainer can be quity sradual for large values of x and that the
dlstance regquired in the tetryl for the reaction to grow t» high
order geccuamilon {laecrcascs with increasing x, that is wii,
dacreasing vigor of init*a‘sion.
‘a
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“:si Factorss Relatad to Compotition ot Bslonive
anr e e e coues
24
Boiam In genersl, explosives vhich &re wore "Lrizant" as indiccied by
Ff high detonation velocity, Lwge plate dant resulis, et:., are mre
| effective us Guaors, and thoss which are more sensiiive by othar
= 3lanlaids, such us lmpast sensitivity obtained using drop tasis, exe
,ﬂ”‘! more seasitize accevtors. In experiments to dsterains the minimm
| boosver required to luitiats cast THT 1t vas fuumd that 6.1 gessa of
sans ivax, 97/3 is equivalent to 8.3 gyems of tatryl. Pigww 6 shows
,%-zj she corvels.im batween Lmpuct sensitivity and criticsl ais gnp.
. vemig .
T oe o w oag
0 \ F: Pl
5\ 3 ; - -accesrons— ii P - 13 $3
* -}‘“—\I [ucuRy n‘n;umn ::vm ;g/ 2 EZ
. ! ™
E s \\‘ ~K [—ht.tﬁ.f' alioF DONOR . ~ | o-lgg
c’. "—‘\. N - OA"-" : :
g w]_ ? 0\/’ : -
: 0.3 bl S e § §§
hd A --—V{\ HENLY CONFINED DOwMORS £
/ ERY AND ACCSPTORS 25
ot ‘ N B~ 2 o138 .
' ‘._“_] L B H
ot - Voe—
- _---qr—--l
° °
] 20 0 40 20 [ ] 10 [ 0 100 1
WEGASE DACP HEIGHT AS PER CENT OF TNY
COATA ! KUt NAVORD 57 - 38)
roa €
#inimm Prim‘ng Charge sad Gap far Critical Propagativ:
as Rel=ied to Tmpuct Sensitivity
Lo wWhere the donor is very small, as for exampls in “miniwm
e prizing charge" experiments, the rapidity with vhich che explosive
- g . effacts the treasition fram buxning t¢ detonatica = the predosi-nt
N factor in its effectivuness. Good 2o~velation has been outalaed
betyveen minimm priming charge oxgarinmh and other maasurements
- N of the rete of this trassition(10),
Bl The effect of additives upon sensiiivity to initiaticn is not
) pecessarily proportional ¢ that upon impuct sensitivily The
Tos pensitivity of RDX to initiation ty other explosives, for exempls,
fee 1s :muck more starply reduced by the addition of wax or simiiosr
hege matusikle than 18 its impact sensitivity. BHote, in Figwe 6, ths
§.§5 invweyicn betuesn Comp A and TNT.
g 9 COMZ IVENLTAL
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The correlation between Lm.act and inlitlation sansitivity
apparently does poi apply to explosives which ai'e mechanieal
stwres of fusly apd oaxidizers. This may be relatad to the
usca?3ity for mors intinats mixing during the resction time., IR scms
such nixtures ccnsidarable difficulty has been sxperienced in produce
ing a umaterial with sccepiavle ingact sersitivity which can be
initinted with & booster of 1eascnable size.

Factors Related to Statas of Aggregation

Charges of s0lid explosives are mide eitber Uy casting thee o
by pressing from granular matorial, I either case large variations
in arain or particle sige ars possidble. In additicn, the density of
Pressed granuiar explosives may be varied over a wvids rengs. The
affects of the voids iz pressed granular explosives may be
snuzarated as follows:

1. A large incresse in effoctive surzace area vhich makes the
aatelrial more ignitable and increcses the amsss reaction rete for a
glven swfuce btuwrmning revs.

2. An increase in the overall caspressibility and the
preportion of the energy of & shock canverted to interstitial heat,
The reasult is that much veaker shcckxs can cause reactions of
sufficient vigor o propagats as datoustions.

3. An incresss in the effective free volums v'th the rosult that
& given reaction rate resulte in a slower pressure riuss and thus
tends towarvl less rapid acceleration of the reaction,

% A decreass in the velocity ad pressure of stabls detonation
¥ith increasing percentage voils,

S5+ A reduction in the "acoustic fwpedsnce” both because of the
recuced dsnsity and the incressed comprassidility. This results in
an Laprovement of shock ¢transmission betveen the explosive snd low
Loadence nedis enveh as air and deteriorstion of shock cuc: umication

with high lnpedance media such as steel.

It is quite plain that these effects may reinfirce or counteract uae
anotoer in their influesce upon the transmission of datopation
depending upon o‘rcumstances.

Most primary explosives depend upon & combination of the ®irst
two of ths?c effects to promote the transiticn from Mwning to
detooaticn. When “ressed tO & dunsity above a limit charectaristic
of the expiosive they refuse te cffect this transition, This
phencmenon is known as "dead presaing”. It has been stated
frequently that mercury filmivate is dead pressed at loading pressurss
in excans of 25 " °C pal. Sum of tha present duthors Lavs showu
that thiu €1g. oay vary fraa 5,000 to> 80,000 pri Aepanding uwpon
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conditions of caxfinemeni. lLesed azide shows less toncency than other
axplosives to "desd press” provbably iecause its extreme hexdness
ra5ults in quite high pevcentages i’ voilde= at practical loadisg
pressurss, Hovemmy, “daad Tressing” effects have Li2a ouderved with
lead 221l and Ray cause trouble wikre conlineasnn is sooc,
particularliy it the iessal a2ide has been loaded in & high hwidity
atroephere. Whors "dosd pressing” is not a factor, the third and
fourth affects mentionad ativrer cesuilz {9 A gevuera) ineresss in the
af{cctivenann of doners with incresasing dennity.

The manney in vhich these effects cambine to d.termine tha
sonadtivity of an soesplor 1o gulils obvicus when cosidssed
q,ulitativuly. guantititive ~msidevation of the affect < density
op the transmission of detszation hea not hean miaptalmn. Tha
camhined effects can Le observed aaparimentally but it is difficult
€0 separste tham. In air gap experizents, ‘he apparent sensitivity
decrecess with increasing density within the usual raage of
densities used in orir~pnze, woere barriers of othsr materials are
involved, this relationship may change. In Figure 7 the affact of
density on critical gap is coapared with that o criticsl sluminuc
barrier. Yote tha* *...e a:Lr ?g\vud.u zveh more abarply with density
thain does the barris found that, with combined air g3ps
and steel arriers, tue ptimum density of totr:n. S8 An accaptor uas
in the neighnorhood of 1.5.
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In sxplosives loadsd to duusltise lowcT *‘hen g the ususl
: urdsance prertics, the growth of detonst:ae is slower and the iine
HA Letweed "2irws” asd "misfires” bocazss wors uatilous. The cliolics of
2 sritasion of fire can have o subataatial sffact upen the estimate of
=~ tire evitica) gap, Fimzme 8.
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* Dependence of Adr Gap Sansitivity of Tetryl Upon Losding Decelity

apd Critarion of Fire

#Razulor Bruwceton type asir gap sensiilivity tects vere performnd
vith dcaors of PETY loeded at pressures of 10,000 pg. 2xd asceptars
of tatryl ioaded at pressures varving fram 500 to £0,000 psi. Note

kst for the lower dansities there 1s a cample’e reversal in the
order of sensltivity vith dansity vhen ths criterion of ile
Bruceton tast 4s varied from one requiring that the acceptor
container be shattered to ona requiring that the end o2 th-~
explosive cavity farthest fram thn donor Je expandsd froms

0.200 inchas %W C.212 inches dismster.
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Sinilarly particle size affecis u 1os iwwasalesica of
detopa’ion may ba taken wi 2videncs If Voe rols of swwiuca burning
in incipient and groving dstonation. Ia an investigation of such
affeclts coarse gieve cuts vare invariadly lags seusitive n.
initiation than fine cuts of cig\t aiffecent lota of tetryll )
Typicaliy, tues cxiiiend wap foo o lalliavica of tatryl vhick wee
1eld oo & mmhar 35 sieve was O, 126 inches whils that ISr tetwrys of
the same lot which passed thirough & aumber 45 scroan vas (.150 inchas.

Cast shovges are less sensitive than pressed charges ot Lhe saus
axplosive., Ths difference is mare than can 3’ expiaingd in terms of
lcading dansity. Eyster, Saith, and Waltani®) repost 0.82 Lichus for
e critical thicknmss o wex varrier for the lnitiatior. of caust TRT
(density 1.60) and 1.68 inches for pressed THT (density 1.55).
grain aize of cast axpiosives affecta their sansitivity, in a merner
simtlar to that of the particls size of rressed «<Pplied In
ainimm boostar terts carvied out by present euthcrslis) s booster
of 9.3 grars xuwylmmumatoMtutaMmt:tmo“'
mdsr conditions vhai. "creamed” T.T, cast at its melting point,was
initisted by 8.3 grams of tetryl, mmm-ormmmmc:
tha hot charges vere Of the order of an inch in length, vhils those
in the creamed omto+ial were microscopic.

Factors Reiuled to Confipemant

Rathesr fow explosive experimenis are carried mm in wmem,
BExqlcsive charges are generally bounded by inert (non-explosive)
medis. Whensver a datoration veaches a bomdnry the shook is
transnitted 20 the adjncent medium, with a resultant Usplecemsnt of
the interface betweca the explosive and the it weZdiwm. Similarly,
ths more gredually rising pressurs associsted with groving
deflazm+icn can cause meuion Of tha intertace, Wwhsn & vave suica as
a abock is transmitted from one mediuvm to anothew the concept of
ImpeAnCe coupliing 18 uselw.. Tha chaTac woistic accustie liyedance
& a medium fs Acfined as *hy produet of ite density end tie wulocity
at vhich sound propagates in 1:. Similacrly, ths charsctaristic
shock ifupedance of a mediur might be d=fined as the product of the
density anc the velocity at wialch 2 aaock propagates 'n the sodium.
The variation of shock witk amplituis is reflacted i, & variation of
the shock impedancs, A rigorous vrestiant takirg this varistisc
into sccount would be severely limited by the lack of equut.ioca i
stale daia in (ha presswe range sssociated with detucation
Phencaspa. For some materisls, informatiocn is availabls regarding
the velociuies of shocks of this strength. For these a useful
approximatica is ths assumption that the velocity ia comstant for
that parc¢ of the shock wave which is izportant in the yr cagastion

in anotkar paper of this conference\l5) it is shown that the

langtl: of the head of reaction products behin? the detonation front
of a confined colum of exylosive is direstly related %o thwe siwck
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trmedapce of the canlinfng rmediow. Aa uwesticned above; Lhe lengua
of the detonation head of the donor can nave csrect on the
transmisaion of dstonation. In ane expecisent()3), load azida
Jomors 0.0 {nches in dia ter, confined in gteal and brass,
initiated tetryl acceptor  acraus zanr gaps of 0.057 incles ani
U.U50 1nchss respectival while those conliced in aluilnur would
initiate the sse accert .s acrcss & maun ap of only J.030 inches.
The shosk impedances cf ateel; brzss, ard almimm ars 4,2, 3.9, and
1.7 amgarayls® Taspsciivaly.

As polnted out in ihs introductior, +hs grovth of detosatica ia
the acceptor depends UDOD AN iZsUsadld io LTIssuce resultling from tha
sacess ¢f gaseous products and beat proauced Dy Lks weaction Jver
loeres, vhich ars ajsociated vith expansicn. In an air gap test tha
rearward ammansion of the resction vroducts of a recenily initiated
acceptor 1s retarded by the presarce of tl. doror product gsses to
an extent related t¢ theiw mags and Jdensity. The resist..ice of the
suallaing modium o Ted axpansicy is rolatod to its ahosk
inpedz=ca., Tabls II givie oriticas air gaps obtaired with a serias
of systeay “hich wire made as sinilar as possible sxcept for the
confining medium of the acceptar. Alsc given us shock impedances
of the accepter =atariris as obtained by Siie(15).

Shock Dipedance of Critical Alr Gap'l6)
Conflaing Medium  Acceptor Contiremnt(15) (lead sside to tetryl)

of Acceptor {mogarayls) (0.150 inch dtes.colimas)

Lucite Cu7 0.063 inches
Magnesim 1.h 0.088 "
Z'nc (Gle cast) 2.6 0.1y ®
Sotuist 3.2 1o JR MEC R
pregerri) k.2 0.105 "
Trmas . 3.z 0.153 ~
Steel {(RAB 1020) .2 0.0 "
Tadle [

Gritical Air Gaps Related .o icoustic Impeduace o:
Acceptor Confiniag Meditm

The eiffect of conlinement upon accepter sweaitivity varies with the
explOsLve ‘material. Tabie Iil, Iram saae messcesents of
Dimock(17), glres critical gups cbtained far a mmber of accepiar
explosives using (uwo systems which differed wainlv in tha confinament
ol the scceptor. BNote the inweralons between totryl and RNX -~zd
betwean TT1 and Coap A.

- m P B S YW S B S E R T W W B D e E W W O S W W W W W oW w Emeome® o

e rayl or acoustic olm 1o «qual t0 aus gram por square
centimgter per second.
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Acceptor Ixplosive Accepter Counfinemont

- Material Erags Asminium
Yomp A 0.046 inches 0.017 inches
™ o049 " &£0.010 ¥
Cuzp B 0.062 " C.03% ¢
letrys o892 " g.061 "
RCX g.201  * 0.05s0 "

Table IXX
Critical Gapa {ar Vartious Dxplosives for Two Confipwmants

‘The abave discussion has ccncernsed 1tcelf vwith ths 20%ects of
confinement of explosives by cwitairers so thick that they muy o8
¢ondildered to be inYinite. MO systestic data are a% hand regarding
the aifect of confiuemant in thinner wvallad veasals gan tos
trensnission of detonciion. The acattered data which are at hard
suggnst 1o the authors that, as la most confinemant effacts, the
sensiiivity or effectivencss risas sharply with thickises at Lirat
And approuches & r.himum at & point wha.s the wall thiciness is of
the oxder of the Al.meter of the explosive columm.

Confizement of an air gap between twvo axplosive charges can
heve a very large effect \Don s aritical langth of such a gan.
Notice the ordexr of magnituds difference btetween the confined gaps
used in the axperiments illustrated in Figure 5, and the unconfined
88p3 asgsociated elsevhere in this jpiper with exploeivs charges oi
the sene size. Here again systematic data are lacking., Doad(l2

&~ - 4 4
ahowid thas, Sz oms syste=, 2 gop gmallaw in Alamad._» ther Sha Aonow

cugtlted in mure effectivs trangmissicn of detomation then me much
iarger. Usluy anctihar system. vas of the present authors showed that
2 gup equal to or slightliy L oo than t= donor resujted {n =0
reliadle tranmirsion than 3 gAp scmevhat emaller in dismaiey than
tus donor. With etill aacther system, otusrs of ths present autheors
could dstect no Aifferwnce betwesn a atp confined in a tube slightly
largsr than the doncr apd one thves times the dismatar of the doner.
Ia a1l tnree of these experiments, the aonors vare Jd: woaALors with
setel cups and additional barrier. wers involve.,

Factors xnvclvg the Aocture of che Sepécutica Batwesn

the CrArgsn

Most cf the experiments discussed above are detarminetions of
critical air gaps botweer coaxial cylinders of axpiosi». Althougn
this cype of experinment is a convaniani twol for the investigation
o the effei“s of many of the factors involved in the transaisiica
of d=t%onativn, rist practicel transaission problass involve more
couplax systems. The permutations of the interactions invelred iu
Sutn systems are overvhelning in numbar, Ths data availsble cie too
ddverse mud “spotty” W give s cléar, connected picturs. Sowe ol
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them, however, ars quits revealing.

The traumission of dstonation betuwen %wo separaied churges
fovnlv=g tha ¢wnrgmigedon of a shook vave feam tre donor explosive
W tne anterreurg wadimm. through the uwdium,and Lo the acceptor
oploalve, Thuuse tas shock ingpedance of the intervenine medium is
an exacl: maten Lo thet of %té explosive, tha shock nust be partially
Toflentst, althor &8 & BBOCK O B8 & rorvweci . , 2% e fntarface.
Sitiiax type of ellizticn vwill couse tha snargy of the transmiited
wvave to be lass than that of the incident vave,

Tne eppilcaticn uf the cuncept ok imod:nu cowpling to
Setopntica transaladlin end the dxitailcas o tals ..*p.icat‘en. may
e Liiustrated uslag sces data & Ayetey, u-i“' and waleom (S
Detarminaticas wers made =f ths crifileal bu-r:.ar t.':rw.qh uhich
detonation couwld be transmlitied aos tatryl boostars to verious
esplosives, Msasureczants wire also made af the lants nmads in steel
by 4stryl boostars from wiach they wire separeted by waricua
thicknesses of tos sems Leorisr matarials. 3y intsrpolsation, theso
dats aay be used 1S hiain the 4anth of dant proluced Yy e
ccaviration af hooster aid barrier which will initiate & given
explosive SU% of tbis tims. T:is depth varias vith the barrier
mmterial, If it is assumed that the shock spergy wvhich must be
transaltted tc the explosive in order to initiate it is indapendant
of il transslission medivm aind that the depth of dent yroduced is &
direct msasumr= af' tho cuergy transaitted to ihe steel block,
impedance couplinz principles may e used to computa the reliasive
denth of dant wvhich should be sssociated with 50% fume .icaing.

Table IV gives ths sritical busrier thickneuass for the initistim of
Cm B together witd the COrTes)sking depud Or dent as intarpolsied
rram srp-inanial data apd as comnutad waing ixpedsnce couplirg
enusiderations.

Comp 2 _focemtor
Ravrier Naterial Barrier Thicl-e3s (50$ Poist) erclpcnd.i.nc Dent

A S+ 5 s B
R "".-J'-.m’f -h./'

-— - Ikt Compt®
A1v 1.21 C.03% 0.508
wax 1.%6 0.03 0.007
Alumdeum 1.5 0.0 Lo aid
Coppear 1017 C.032 00031
Polvastyrane 1.43 0.0133 0115
Weod (oak) 1.04 0.035 0.0093

‘lable IV

Critical Barriers of Var‘ous Materials with Corresponding
Doents Produced in Steel Platca

- - e e e - - - - - - ® & = - e = e owow

’Intsrpohnt.ed from exu.nwimfal data, "Conmutod using Llapedance
coupling principles. ¥ he dent preduced oy the 50% cambization of
boos Ler acd slaaioum DErTisr vas Ussd in the coamputation of tue
compuiai harrier thickress of other mmiarials.
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It will be noted that the axger:msntal acd ccuputed values give

Vuvy good sgrecaent bstweeu aluminu, copper, and pelystyrere and
sunevhat worss for vax, vhils the experimeutal values fur air and
vood are complstely cut of line, The poor agresment 0> the yax
sarrisr ey Teflect wir Jack of equaliun of siate data for tuis
=aiarisl, 43 polnted out earliar in i3 saper, o pLedsaina
agsociated vith the tranmmiscicn of datonaticn acrTss air sops s
to0 campiax to ba charecterized in teris of si.pls impedanca
aupling. Apparently this obssrvation also sppliss to vood.

In acme caisa Alr gaps and harriers are combined. A spasisl
cese of combined barrisrs and gaps is that in vhich 2 reistively
thin s0lid barrier is ia direct contact witia the donor explosive aw
is folloved by & gup. Undar these circumscances, tha varriar
=uterisl vhich {3 hurled across the gap Dlays an irgportanc wis in
the initiation of the acceptor. 3Jiuce it takes soms distance of
treavel for the solid material to 1eaah {ts waxizus veloeity; the
most favorable mnditzan, for ttanmaission of detcoation involve
an optimm gap. Doddll2) found that the cptimwm gap for ons auch
system was soocut 1/'5 of en inch, Jramemend Rovartson(18) o
another systam, im~\ving transmission bdetveen & detocator ond a lead,
£ound that the optimua vas in the neighborhoed of 1/8 of an inch,
vhils some of the presaut authors, in a system involviag the
initiatiue of HBX by a bocster, found that the optimum ves in excess
ol & quarter of an inch., Ths data in Table V werc obtaimed in same
axperiments diracteld toward dstermination of the ariticel length of
booster for the inttistion of cast THT., In thess tests, the tooster
vasg vell confingd voth redislly and fram the rear. Tha buoster cups
of ALl and of eleel lmd VOlioms wboubl 0,070 inches imick. ALl
boostars were a misture af HDX and vax (97/3). in eachk tast the
1hi2x300a OF booster for 509 initiavion weas dstermined by a varisat
cf the Srucetaon method.

Stacdoff Distance Bocater Leuath 2 S0% Initiacion of AT
Steal Cup ALtminum P
G o AKX 0,347 inches C.23£ inches
1.050 0.,325 " c.wdr "
0.100 0.215 " -
Tabls V

Minimaze Docstur Yendih for Inltlatica ol T¥T at
Various Staudoff Distances

An 18%67aa015,, feature o tha results obtained with the steel
docstvr cup is tba substantial chsngs in Looster requirement as the
gap whi; incressed from 0.090 to 0.10C inches althiough the boostar
laigth Leederd with zero gup vas not very diftevent from that with
0,05 can. An sxplanation which has been Droposed for tois affast
is that ths velocity o ihe boticm of the cup iacreasss 13 stops as

17 CCEPIDENTIAL
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1% reverbaiatea. HNote thay 37 boosteio Are required vhen
aluniaua cups are used. In another experizaat{lt) vhere
datarmineticng save made ¢f the (ritical tidckness of a secona
tar T er at stecl vh*nh m in divact comtact with an AEX wcceptor,
4thir thicimeses wvag 2ound ¢o 38 © :35 inchas whan i o\Wps were
uudmdu.‘inna nan LGS CUD3 Vee used., Where a4 gnp is
inverposed between a donu: and an acceptor a barcler in contact with
Tha d(m can help anidge 1t acd whare & barrier is intarposad 2 gap
=3 1% 18 crnmdunsive to improved “rangmissilon of detonation.
Serhaps more suprizingly, it veas observed that a tetryl booster
which failaa to initiets 5 shxrge of ™D vhen in direct contac vith
1t in thrse comsecutivée trials caused high ordor datamaticn in 3ight
of nins triala vhen an air gap vas interpoced.

When the domor 1is dispisced fiva lus aligmment with tha acceptor
ad shuab 1o Figuws 9 the transmission of Jatunation from dcnor to
accephor “ecomas wore dirficult. In Figwee 10 the critical transvarse
ddisplacenents for the tranz.Jsion of detenation betwesn donors of
lead azids and mercury fulminate apd acceptors of various high
explosives are xeaphically cospared with critical axial air gaps for
the sane cambinations of a«plosives. The "S" shupe of these curves
is apparently related to uw.e point at wvhich the expandsd hols 1in
uhisrh the donor chargs had been loadid I3 tangent to the unerulnded
accaptor explosive, The initiation of scme erjicsives, inciudiung
tetry), ie apparentiy guite probable whea the holes overlap, dut
quita imgiobable when they do not. This fact suggests that the
initiaticn 1s relatsl to contact with ths acceptor sxplosive of the
not gmses produced by ths reaction of the donor explosive. For the
@move genscitive high exp’ .3ivzt «ch as KDX And PE™ the metal borne
shock 1n appa:-nny ar etk . NITIATION mechAnic=. ‘iDa
Scformacion ¢ +he contatasrs o thess expiosives sanstimes nhowed
sviaance that initisxion occurred at a point other then the snd,

[

O'SPLACEMENT
- —— —ﬂ“‘T

ACCGEPTOR

Figure 9
Arrasgement of Donor and Accaptor in the Traasverse
Displacement Teots
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Figure 10
Initiatica rusarties of ths Exploaive Across Transverce
Niaplacrment &nd Axial Air Gaps

In some cases csplosive charges are initiated by means of
gmaller charges which are inscrted ir holes in tue wcceptor chargee.
This type of syste= may be quite effective, Army Ens‘wr Csrps
anesinl Tiusting oops of au old lui which were incapeatie o
inttiasine Cosp O chargss reliably f»zm any ssternal position
ipstiated t!ys same chavges quita vellaply ~hen insentsd (wlv
O 2 tosher i holss over & .uch Ge€P. 1hcus TedwWts wer> ~ovained

wish holss ranginy in ddsestzix fraam 5/15 iach, which 45 & JipTy
ehar-nea 1%, %0 /2 tach. ~ther evidenc: 13 also at hané vhich
indicntad tiaat this tyvoe of imitiation cun te quite effactive.

Fuctors Involving Specisl Goumstry

Cue way Ju wiich detonaition is treusfervoed Zrom one sleorut

totunexciobymm $ tle shaped charge principls io the
so called "gpit bock" fuze. In thke shaped charge a special shaps is
used on ths enc of the deton.tor which has tbe fore of & cone with
the apex pointing into the detonator. The 4~ _natlon, won reaching
this cone causes it tO0 collapse and forwsa Jjub vhlch con: atrates
Wwss a0 vgy and mekes 1t erfactive at conslidsmmble distaaces. This
is wed in cetain appleatioss in vhicn it 1s desired to have 4
dato-s'.a* in ths nose of a sueli initiate a booster in iue rear,

1% zhioid be pointed out thst, since the shaped charge action iz asa
of concventrating the an~xiy put out by the detorator, the vrvbus of
si=zing the Jet becomes criticel. If thip at does vot diriize tha
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. I1 boostar projperiy iL ild, of cowrse, not fnitiate 1t. It ahould also
7 be pointed cut Lhet, Wisr stme circumatauces tue concentrution of the
-;»::-" enarzy in tvo dimensicns by & shoped charge can seeult in groatiy
£

‘l«ili {

Teosuse of the mmel) dismeter of the 2oww, the use of a sheped
som mesult in Joarplste 'nlumﬁ‘)) Such failures are

ehesns 2o

charactarized by extremsly deep narrov loles in thas acceptir.

>
¥ g
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PO

Mol

i.‘.",,g Tre bas Als0 been mads of the shape of the downdary betveen
o tve axplosiven loaded into the samo elamant 4o ccnt.rol the form of
:-'.Lfm“ tha detonaticn wveve a8 Lt aches the amit end of the slcmans. I a )
ot | dstsnator, fcr instance, contains tvwo explosive matesials, the Ziret
L | baving a istcaatios veiocivy 1ass ilwn tiat of the sscoud, & cuved
N

e reduce the curvature of the dntautim wars ad it iverges from the
point of initiation. If properly dusigmed thie eould give a plane
oy or converging wave at the axit end uf tiw alenment.
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Coaclusions

A mabar of reascnabla mecharnismg have heen pronoged Cor the
trancaission and grovth of detonation, and for the losses which )

CFpose these processes. The tamptation exists to propose a
mechapim, preferably one vhich csn be redused to sanamesble

‘
K
[~

- } " ,15,1 -“1.'

B 1N
. ",.k";';..*

I

'_3 mtb;mtiba, and to try 4o explain zil ohsarvabls phencsena in

e | erms (haract, The most emphatic concliusion which ~ap be drawn 3
s Tfods he chzervations discussed above is that rlelding to mny sucu >
'1;’3 teuptation can lead only to confusion.

e ~
i Tha trensmigsion and growth of detonatim involves & series of =
o chemical and pbysical processis, esch quite simple in itself, wnich T
I et L
s ;
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inveract dllPareatly under differeni circwistances. 'these
codclusicns er¢ generalities. Mora gpecific coneclusions miy de
found anove.
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THE CORRELATION OF THE SaNSITIVENEYS OF RATIOSIVAS WiTH 2 .
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SUWDARY,

During the last few years at B.R.D.E, the censitiv.mnsss of a
large numher of liquid anlosiwes, and of a few solid explosives, has
besn determined by the ga) test, in which the explosive is subjected
to a shock wave, It 1s shownu that the sansitiveness of liquid
explosives, measured in this way, can he oorrelaied with the predust,
& x §, where & is the vass rate of sumbustion at an arditrary préssuie
of 50 atms, and Q is a caloulated heat of explosion. It appears aleo
thad, fou & given Tulue of £.3 3, sencitivences inspeaces with
increasing value ot' Q, vhere @ is the density of the explosiwy,

Thesy results have been in-srpreted in terms of the roilowirg "
@odel. T4 ie amnumed that the shock wam ianitiateos a vombusiion
reagtion in some region ol the liguid explosive; +he zschaniem and
loeztion ~f the initiation is wut yet known, Ia ericr o produom
a positive effent, 1,4, an expleaive incresse in prsssure or a
reactiva shock wave, it iz neocass~y for <he prezsure in this oca-
bustion region to incrsase rapidly and it is shown that tlic rate of
inoreans of presuure depends directly on & x Q, 83, and the vressurs,
and inveraely on the linesr dimensionz of the combustion r.gion,

The product, @ & Q, gives a broad corralation with sensitiveness . |
over the ranue uf egplosivos from those as inert as ethyl nitrate and

T.5.7, to ithosa as sensitive as the initistor olass. ItV fails, in

this sizple form, with plastis propsllants but it is shown that this .
apparsnt lack of correlation may arise frox the particulee type of

dependenc:: of rate of burninz on pressure, T.N,T. and Picric “aid

have been examined in greater dotail, The sensitiveness of liquid

MNP, ot 999 an of preused charges nf granular T.N.T. of A4ffeceny

grain slzis over a range of densities have been measured, It is

shown that the senaitiveness of presssd charges of T.N.T, (and of

P~rio Aoid) man de interpreted i termmn of cavity initiation, 4,e. .
"hnt spots™ created by the adiadatic cnupression of gases in a

2 Confidontisal.
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Cont™ Aantia),

cavity, In ib2 pressed charyem wo far examined, initiation of the
orubustion reaction is the controllin process whireas, for liquid
explosives, initiation aypears to be eusy, and growth (the rate of
1ncrease of pressure in the combustion domain) is the ocontrolling
procecs, ILigdd and aclid 7.M,7. at the same density, are about
egwlly adnsitive o Loth the gep tust scales used in this work,

This agresment is ghom to be fortuitous and this dediuisticn was later
nonfirmed by meusurements of the genaitivenesa of 1iquid and solil

o - ot

Plorio Amiqd,

The ancrelation o i rifle bullet sensitivenese of liquid
n~iplosivas with thc Zop test asenaitiveness suggests that the riflie
bullet initiates & ocombusticn reaction. This idea is supported by
the 31 ffarant behaviour of plastio nropeilants when subjeoted to
4hs rifle billat teat and to the gap Sest.

The initiavior process in liquid explosivas, when assesaed dy
tha gap test, is discunned in the light of this experimental work and
the aegative uonolusicns reached that the initiation is not due to
the presonce of small air buthies or to density fluotuations in the
liquid, The mechaiJ su, wheraby a low-ordsr detonation is propagated

in a liquid explosi=, remains a umystery,

The relationship batween sensitiveness as measured dv the guo
tent and by otiier tesis, sush as the impact teai, is digoussed, In
orler to be abla tn do tlis, some measurementas of the osnditions in
the gap vest have been made, The shock preasures neocessary to
producs an explosion or reactive shovk In the sxplosiva Gaws Bean
meagured, and it 1s deduced frow the raesults ui. granular explosive
Ahargen, that the “effeotive” duration of the pressurs pulse
incrcases witu increasing pressurge and that thiz fastor must be taken
into ecrmiat vhon assasaing the emsulta of the gap teas.

The objeot of this work was to obtain a detailed knewlciz» of
the initiation and growth ;'rececses in explosion phancmena, so thas
the pcasibilities of more eff. sient deensitisation of explosives
oould be essgessod, For homogsnsous solid and liquid explosives, the
"intrinsic" sensitiveness can be asasesed from the zar cate of
vurning, widch i3 a measursabla prperty, IS apprais o bs ALfficndt
if not impossible, to lower the rats :f burning, exuvept by redusiig
themerzy, which la olzarly urdesirev’ . We ma%, therefore,
concentrate on atudyirx the effact 52 the shysical state ~2 the
sxplozi've on its sensitiveness, Por liquid explzsives we prupose
to study the effect of inorcasing viscosity on sensitiveuess, In
ths caae of 3olida, energy can be oconcsntrated loaally by friotion,
by wtross coneentration and by adiahatin owmprassion of tuapyed alr,
Sous of these factors may be oontrollable by altaring orystal hatits
and grvstal sirca. Ths rcle of degensitisers, such as wax, in
disouwsed and it is suggested that smeller quantities, 1,0, lass
than the oustouary 10 « 15 per cent, might be sffactive if the
surfaces of the individual orystais of the explouive uan de
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%d] cormpletely coverad with she wax,

It i knowm that, for a given vwaine of J, the rates of buming
of exploaive oompoundis dearesas in *he seguente; nitramines,
trosy-compolnds 1 nitroecomoounds., It would, therefora, appear
to be worthwhilic expioring the fi:ld of nitrowcowpoundas, particlarly
of the aiiphatio series, mors thorougaly,
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Any discussion of the sena\tivencss of explosives must oonsider
two mali fectors:

{a) %he mechanism by which meohanical sncrgy {in the case of
initiation by impact, ahook wave o friction) or

l'“' electrical ensrgy (in the case of spark initiatiom) is
Aj converted into thermal smergy, or initiates some resactiocn
gﬁ which ral-ascy therwmal energy, and

i

% (b) the annditions wnder whioh a "lwt spot®, i.e, a lommlised
£ region at a higher tecperaturs than the bulk explosive,

) will be formed and grew until an explosive reaction ensues,
- This paper is concerned primarily with the second of these

E faatures,

%?'g The sonnsption of hot spote is by no means new (= f, Ramien and
-_*: TcPes5, o' 15, and (ne of the sariizst attecpts to put it ona

qantitative baeis wea mrde by R{2aal and Retuc'won (1) who atudied
the minizom gize and ¢coperature of & rogion in an explosive mas-iial
in which the rate of producti~i of heat wcvld he greater than the
rate of loas of heat by conductiov'. th the rest of the explosiva.

In this, values of the rate of decomposition of the explosive are
Pequiced under vonditions whini sdmit only of gross exteap iatina of
ler tewmermniure kinetio data,

Anotaer espproach to this problem waw r :ds by Adams and Yiseman - I
4

st ﬁ:

E.’ !'*y.‘ e

Tee NG
SN

(2) in thei= consideration of {nitiation of explosive reaction by
adiabatic ompresaion of a cavity within an explosive, It is cliear
that an exothermioc reaotion, unier oconiitiuns auon that the rate of
production of hcat 1s greater than the rste of 1oss of haat, wild
oventually become a onmbustion reaction. These autbors, thare.cre,

2% Confidential,
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oonnidered the comditions nevessary ' initiate a combustion reaciion
over the surfsoce of the cavity and snowsed that the important ,
properties ¢ the explosive were ghe heat of expleaion, Q (wwi’g) and
the mans rate of Yucning, &{z/0e.© 390), It was shown that She
senmrtivenass of the cxplosive 4c this 4ype of initiation inoressed

with lnoreasing valiues of the quotient, 3/Q.

~n ugdas to put ssnsitivenass studles on & more quantilative
tasis, 1t wog decided at E,R.D.R, scas veats ago, w atudy iw
senaitiveness of explosives to shook waves by the Gap Test (3). In an
analysia of these resulis (4) 4t was shown that the sensitiveness of
1iquid expiosives measured Ly thiz test, could Ye correimted witii ihe
product & x Q, where & was measured at uni arvitrary pressure of H50atm,

Thiz zeport is an atiagpt %o oclarify the prssent poasition of
the spplication ¢! these annnapts, inwniving rate= of buming, to
aensitivenang und 14 falls into the following seotions:-

(a) an anslysic of the range of validity of the pruduat,
& x Q, aa & neagure cf senaitivencss,

(b} an swamiration of the significance of tha gcp isst,

(6) an cxperimental approach to the correlaiion of the
smpitivenesas of liquii and aolid explosives with each
other, and

(1) some tantative wuygeations on the mechanism of initiation
ar.l growth of explosive reactions,

2. VALTRITZ OF CORRELATION PACTCR, & = g,

sinoce Q for weak wnd strauy 2xpluaives does not vary by socy than w
factor of avout 5, wheruus & oan vary by a “actor of at Jeast 30 in
1iquid ax'losives (the ciffercnce beiwsen methyl nitrate and nropyl
aitrats) anl by a faoctor of about 1000 betwsan an initistor, suoh
as mercury fNulminate, and a weak explosive such aa et 3l nisrate.
The unoerisinty in the value of § ia, therefore, relatively
ualnportant, Q, in this paper is caiculated for the Tputheiscal
rcaotion (at constent pressure).

c,o,n;w,-xao» (y-x) B,0(g) + (5 ¢+ x=y) By s 2w X,

If there is more than swriicicnt oxygen to oxldise all ths carbon ad
rirogen, it is used to oxidise the CO to COp, Theoretically, the
haat of axpi.cion sheuld be calowlated ag for a omstant volumo
=xplaaion but, since the prodacts in trunsient resctions are nov as
siemio as those indicated sbove, thera would bs no gein in aocuracy
in so doing and we hava, therevore, nss Q ocalouiated by the simple
procasa given above, The heats of, formuiicn sed are given in
Appendiz 1,

27 Confllsntial,
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At what pressurs %o compare the ratez ;£ burning is not known
{this 1o 2iscussed later), We have uied %0 atwms,, where da‘u is
awilabia, but in ihe cass of initlaturs, 1t Naa beon necesaary tec

Was & raference nresgury of 1 amm,

21 Liguld Explosives,

Nany of these have been asssased for sensitiveness at E.B.N.5,
under tec srbitrarily olmsen conditions of confinemeni;- Scale I and
Scals TII. (Scale II has baen usad for only o few cases, which are
refarred to later). The Jetails of thems sculea are given in P=2 3,
Tut for this disuassion it is sufiicient to know that Scale Iii
rspreaents the "heavier® confinement, and that a larger initiating
aharge s used e ich dz2livers a grcater izpulge %o the te2at aszembly,

The regults for 3¢ le III are shown in Tadble I and Pig, 1,

™he other simple forms af correlation are wmath §, with m and
with /Q. Coresilation with Q is good ror thne orzanic nitrates but
does not axt=l to those mixtures onntaining niiro ocopounds or ¢
the Dithekites (stoichiomatrio mixtures of nitrobengene and nitris
acid, with added water), Jorrelation with A /Q 1a bad, vhile that
with @ 13 falr but not as good as that with &2 x Q.

Provisionally, therefore, we shall acospt that the product,
® 1y, is the best ocorrelation factsr, In reference 4, it was
suggested {hat, od the avallabls o-sbustion data, the dinitrate of
butans 2:3 diol should be leas sensitive than ethyli nit:ate, This
was found not to be true, A powsible reason for this will be

34 . . . a3 9 Ao
MADUMAIB U LB WS,

Tie vesuiwws for Scale I ars shoe: in Tabis il and Mg iI.

M Scale I results with C {the ocard value) greater than 50 cavds
ars not renroducible and the s.feot with C less than 5 cards 13 nwot a
pure shock initiation aince hot paviloles from the donor are known,
by phatogranhis shasrwntion, to penatrate the gap under these
conditions, The main ancmaly is the apparently large diffc¢ ence
batwean ths sensitivensss of butane 213 Alo) dinitrate and the 75/25
(w/%) mizture of ethylene glycol dinitrats and triacetin, Thess twe
explosives havs about the .ame density, hems of expicaioa and rate
of burning., A possihla explanation ol this is ihat Soele I only gives
a signifioant revilt when the rate of growth of the ziplosion sentre
from the point of initiation is sufficiently fast. If two explosives
oar. be lnltiated with squal sass bul in one the growth, i.e. rie of
inoresse in pressuvre, is fsatsr than in the cther then, since the
oriterion is the 2wmage done to the container, the ore in which ilw
race of guvavth is faster will aopesas tu be more sensitive by this
test. Frov P13 2 it will be sean that, for a given wvalue cf h x Q,
the axpioulive having the higher value of Q is the more sensitive, In
raot, with C greater than 20, the sensitiveness correlates t:zilor
with Q tiun & £ Q. However, coricelation with Q varuot accommodate

28 Confidential,
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TABLE T,
SEISITTVIRSS OF LIQUTD BRIPLCSTVES ON SCALE 111,

E . -
(m 2t s combustion pressure of 3¢ z+zs ).

[ ) by ) R ® . wmxd
2xplosivae, Y , C* S .
Qowponent A,  Component B,  o/am” oal/Y er/aco §'v oal/furl
Jec ses
Bénel Nitpate, BEthyl Aloohwol.
1. 00 0 1.11 75, Q.37 L1 A3 W09
2. 95 4 1,09 66 T.Ul W% 35 225
J. 221 1.9 .08 372 0,26 ,28 29 1&0
G 50.4 3.6 1.07 53% C.24 ,255 28 136
S 84,) 15.9 .05 388 0,18 .19 22 T
6. 8¢.1 15.9 1.03 297 QMU 45 19 43
Behyl Nitrate, Propyl Nitrate,
A 80 2¢ 1.10 662 0,2¢ .32 37 201
8. ¢ 30 1.1c 43 0,26 ,285 31 172
Yo 6 40 1.09 570 0,23 .25 27 2
10. 0 100 1,05 294 O.L 145 15 43
Bthyl Nitrate, litircuethane,
i, & 40 1,12 &0 0,1y .21 31 1%
12, 50 60 1,15 863 8,15 .17 23 1
13, 0 100 o lelb 969 C€,10 .15 2, 11l
Bthyl Nitrate, Nitromixturs,~
U €0 20 1.11 757 Q.2 4265 35 201
15, 70 30 1.12 759 G.,19 .215 25 163
35, & 40 1,12 761 0,16 .18 27 137
Butylens 2:3 Eihrl Alcohal,
¥ly>0l ldinitrate,
17, 6 Y 1.7/ 7¢9 0,15 .191 &3 139
18, 92,1 7.9 1.2 637 O.icd 130 31 96
19, an. b 9.6 L.2% 596 0,209 .34 29 80
20, 84,1 15.9 1,18 450 0,078 .092 22 A1
21, 80.1 19.9 1,16 353 0,063 077 18 26
Nisrogisuering, Triacetin,
22, 67.5 32.5 141 A58 0,175 247 20 1d¢
23, 65 35 1Ly 592 0,120 210 24 1z
2. 60 40 1.37 404 0,104 .42 16 66
25, 55 45 1,36 336 C.0% .101 11
26, Dithekits D13 (ocontains 1%
w/w 11,0) 1,37 1265 - - 30 =
27, Ditrekite D20 (contuing 208
w/% Hy0) 136 LuE - - 9 - J

i 3 is a1 measure of ‘hs thicknesa of ths gaj,
& cards and C ia the nupber of cards in ti.e cap.
Nitromixture = 834 nitromethane + 17% 2-nitrupropane (w/w),
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T A B _II,

SENIITIVENESS CP LIUID SAFLOSIVES ‘m acALE T,

{m at a ocatustion pressucs of 58 atas),

S h 3
Suploaive, Q 3 = c naxQ

“ompenent A,  Component B, OW’ Qw aysec g’m" a}/auz

#€0
Nitroglyoerine, Triacstin.
1. 30 10 1,5, 1286 1,02 (1.5L) &5 134
2 8z 15 1.50 112, .09 (3,99 &7 1080
3. 82.5 175 149 149 LS54 (0.7 J1 Lub
b 80 20 L47 9M b .55 26 €30
5. 7% 25 .45 811 29 42 22 3.
6. "O go 101‘2 6“)4. » 2 . 285 3 185
3inylena Glyool Triscetin,
Dinitrete,

7. 89 11 1,5 1267 .56 .81 52 1037
8. 84 16 .43 1108 43 L6 & 683
Ge 8o 20 1.2 987 .3C5 .43 27 429
10, 7 25 1,39 838 ,a5 .30 2 2%
Bthyl Ni‘ratas, L1 75# J7 01 2 309
Nitromethane. 1,1 LU G215 53 1l

D4 thakd ta D20, (1,56) 114» B (602:L
Dithekite D1J. 237 1265 - - 6 {i&0;

Butane 213 4l .

dinitrate, 1,303 €15 .22 ,285 & 252
L. BN, 1.39 989 .81 .85 27 8il

o s

X 2 x Q value from Pig, 1

Cikhekite 120 or D13,

2.2 Retes of Durning of Liquid Explosives.

. -The values of @ quoted in Table I and Iable II are o= &
stbustion prassure of 50 wims, Ths sourc.s of this int'ormation ave
in references 5, 6, 7 and 8 Values in brackets were obtained by
extrapolation of the plot of log @ againat Q, Values for the serics

5 baged on She dinitrate of butane 233 diol were oblained frem the
v results oy, bthe other glyool dinitrates (reof 7) since the log ™ Yalue
DL glves a Linear relationsilp with §,
;3 Tha, v*\lue- of & have been deduced from <he linsar rate of
e regressic of the liquid menisous when the liquid burns in &
B oap.ullaq‘%ubo. There is, tharefore, some uncerteinty in the value
LAt | of & sinvo it i® no* kmown whether the rlame =¢ . iy parallal to the
“‘n}"i uenlscus ur fat and perpendicuiar to axis of she lube in which the
b 20 Corfidentisl,
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1lquid is busie, 2aishermore, the shape of 'he menisous varies some-
wiaad with pressurs and nature of 4o xpicsivae:  ther: iz, thecolore,
both an absoluts end & relaiive uncertainty In the vaiues ¢ fi, This
ampent haz besn cunsijercd by Stocksy (6) but We prepose to lgnore it
ir the treatment of thia report sioce the urzeztainty in the rate of
sarning ie of eboui vhe ~aze order as the unzertainiy in g

It 13 shown luter, that the shock pressures 11 zap test iuliiation
ace of the order of 10% stma, If the rates of burning depend linearly
:1 tha preasures, any raforence presasure, e,g. 50 atme, oan be uasd to
woware the magnituds of the produnt, m x Q, for different exploaives,
Por most of the axplosives examined, the rate of buming is & linsar
function of th: pressurs, The rate of burninz, 5% a given presauras,
increases amootniy with inareaaing ¢, put Lt has been found that the
arploaives examined fall into a number of alzises, The evids._ = {a
as followe {7, 8):1 at 50 atms if log & i3 plntted azninat Q we find
thats-

(a) propyl, ethyl and methyl nitrates, mixtures nf ethyl
and propyl nitrates and ethyl and methyl nitratos
diluted -.* ¢h hydrocarbons or alecshols lie on a straigh®
line,

(b} glyooi {sthylene, propyiene, butylene) dinitraies also ,
lie on a straicht line but for a given value of §, the w
values are about half those in (a),

(s) aixtures of nitroglycerine with iriacetin lie ofi an
inturaediate line,

{d) an ether link 1n ths molecule l~ads io an incressa? rate
of burning, e6.g., D.o.w.l, cogpared with glmnl 2initrates
and CHz,0.Cllp. @0y wmparsd miis the alkyl aitrates,

It 13 difficuls 40 ace why the rates of burning of methyl
nitrate, nitroglycerine and =chylene glycol dir. rate sh~ald Aiffer
10 much sinse the heats of explosion are approxiuatelsr the same and
it is probuble that, at high pressures, the rale oon! wlling reantion
J9 the raduction of NO, At hich conbustion tempiraturcs this
reaction probably procs2eda by the homouenenus mastanism.

The homogamects bimoleoulnr dscomposition ¢f NO has a lurge energy
of activation (70 to 80 k., oais/mole) and, therefore, th: <3 may de
other rocutes for the reduction of NO at lower combustion temperatures

Dror these faots and discussion it appears possibly that tho
rates cf burning of the hutter organic nitrates at high pressures
depend unly on the value of Q. Thls would explain the ratner u=tiex
corrvelation of G with y, on Scale I, lhan with & x 4. Secondly,

FAR Confidentinl,
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above 50 a‘my, sne rate of turring of etir) nitrate depends spproxe
imetaly on VP, and thereroro the rates of burniag of ethyl uttrate
uyslobs LAY nm., at ~ulfloleniliy nigh pressnres, beo eppT reiably
arroiat frca twas o8 vowpoal ticis Gassd on .he uzr..‘.'.*a..n o
htane 2:3 Ada) and, harca, the corrsluticn of O with S 2 § un Somde
III migat be Lailtes than that sacm in Tig 1 if Lhe rates o turning
at high preususse were known,

2.) Soelid Tapiugives.

Tie sensitivenrss of a pressed soiid 2xplosive dspenus markodly
on the grain sixe and packing density and, of a cast expivsive, on
ths orystal eime. Ib 43, therefuis, wi lmmediaicly vuvious vnder
=hat acidivione oveparizodas ol sousitivemess should be mede,
Quailiatively, wowever, the frator &4  y aces appear to give good
vorrelation. Aveilabie results are shown in Tadle LII,

TABLEII
RATES OF BURNDNG OF 20LID XXPLOSIVES.

PR RIAIRY EREBVE LI NERG B ..

is Rate of’ B ming ponaity
Compounils, ¢ of Bz Pryssure. Q %qQ . Ref,
wy/sea I{J- . ah-.mlot.oa.}’mz
o€ 8%,

1, Mercury Fulminate, 1.5 5.9 3.2 1 400 224 9
2. Trinitrotriasidobensens, 0,62 1.05 1,7 11280 1350 9
3. Patasaivm Piorate, 1.5 2,7% 1,83 1 489 . 9
A‘&‘ D.:-l\ W‘:‘; n! 'J:Opnmcl. 2.15 ‘A.I 1‘-’45 1 - - 9
5 Lead Styphnate, aznlodes  3.07 1 kSN »iX00 a
b, L Y " "y 80" taloum, 145 - - l - - 9
7. R.D.X. 3¢ 53 1.80 10C0 1250 ré ) 10
8. P.B,7.N. 22 37 1,70 1000 1390 51 10
9. Tetyyl, 39 13«1, 1.57 000 920 12-1% 10
10. T.N.T. (caet). 13-4 22 1,50 1000 653 L.5 10
11, Mitroelyoerine, 0,2 0.3 1,59 1 1466 L0 2
2, Methyl Nitrate, 0.1 0.12 1. 20 1 o 175 2i
13, Ethyl NWitrate, 0.008 0,006 7,10 1 ™ 7 2

VR

%
Lw

k

Notes to Table LI,

(1) arxq estinated at P « 1 uwma. (linsar axtra, clation belig uesd
to obtain ® vhere neocssary).

{2) Q es:iuated as desoribed previously; eny wetal azeumed to be
present in normal state,

() Cnly approximate Tigu. ss of the dmnsities of R.U.X., D.E.T.N.

32 Confidential,
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Fhitbread & Wirewan,

snd ta3ryl are quoted uinoe the dersitine nsed aca noh given in
™
Ret 10,

(&) Rates of Burnis

(a)

— e 5 CCNDITIGS,

Beiow 1 a'm rressure, rates of -\nqr'n_ing nf teimytrotrisside-
henzene avd nearsury fulninate derend lincarly on the prussure
(12); avova 1 atm rrezoire thars are nn date.

The data i the auldd bigh explosivas may not 5= roliadle
since they were obtained from p/t records of thz oombustion
o? gromulas zmaserial, Purthor ge find 4% ddfficult o
Acgepy bime 1‘.2-'."3", ’uuma r.-.ste: han tetryl since tetivi ig
hottet™ than T .-..n.a. ae’ ba ot .....ar:.uza. and in g-neru
uit--nu.qu burin Tewber Vian nur’:mma:uaa \!'3'-3 & ?}o
The ouly other d.xtn, xnown to the authora, is that of
“andreew (ref 13} Jucted below,

DATA _OF ANDRE2W,

#ﬂzf..oo

E,R,T.N, 0.055 130°0
R.D.X, nz 0,057 100°¢
Qatpzl, (8 0,15 1117
".N.T. 2:2 0.017 room texp,
?.N, T, 0,033 250%

Ths rete of huening of nitwoglycrrine 18 alwo sbsainsi from
data of Apdvesw. Otlier dave on nitroglyeseine silu.ed with
triacesin, abetied a¢ B,R.0,B. suggeats that the rave of
tuming af' pure ni <aglyoerine i1a mych nearar (s that ar
nothyl altrate than the value given in Table III.

The segicnad of the veluag of & 2 Q 43 Table II1 laie lalileluve,
nitroglyuorin-l, swihlyl nitrate, (R.D«X.. P.l.‘l'.N.). (?"l’!'x. Tcr:o\'c;.
ani ethyl nitnto, whioh 1is in good L0 g0t with *he sonepted
asyuance of aanastlivansas and also with asp test vesulta, e.g. T N.T,
lowd sonaitive than Tetryl (19) and 7.M.%.< TetrylCR.D.X,C P N 2.N,
(20), 7The amall anomalies ¢.g. inversion of R.D.X. with 2.R,T.N. and

T.N.T, with ®a¢ryl may be due aicher to errors in mesaursd ratqg of
burning or natlinear dapendwnae of rats of burning on pressure, The
cisntitative valus of the scals is suspect in any cass, becsuue of
ths nagleot of the machanism whereby enirgy is transeisied to the
exnivelive and cunverted intc thermal energy and it seeds unlikely that
this i3 the sama for liquida and cryatalline solids,

33 Confildertial),
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In the sbsenna of ~é¢rictly quantitative data, we can conclude
only that @& 13 an important taotor in inz sénsitbtiveness of aolid
sxplosives, and not that & x § ha= a quentitative significance,

Sefoss amealudiag thiz sention, it should be nointed out that
there la an upper limit to tiie rate of comoustion, Compourda, whege
%i2::2% rato of burning is grecter than thia, will therelore, shew
no oonbu ‘tion regime om initiation (o.f. Bowdws, Ref 15) but will give
lnmedinte detonacvion, Certain of the asides may show this bahavioup,
Fuprther consideration of the watter is given in Appendix I,

2.4 glastioc Waterials.

the vlugbic e=tecialn cvnsilered ave Plastic Dropellants, whioh
vonsist of a crystaliine oxidant, e,3. ammonium perchlerate, cemeated
miuik 3 sinder suun s pulylsoiuiyiend aid a wetting agam$, e.g.
lenithin, Some gap test results; on Scale III, are given in Table IV,

The C wvalues in Table IV are muoh smaller than would be expscted
from the valus of & x Q. Murther, the presence of materials, ¢.Z.
Cry03, wiich catalywe tle luw pressure combustion prooéss appeave to
have’a alightly negavive offeui nn the sansitiveness, This may be
because the ontalyst has =c inetio eff'eot under the pressurc
conditions of the gap test end, thersfore, reduces the rate of burn-
ing by lowering the value of Q, The effeot of ocoluded air on the
sensitivuncss of plastic prepellsnts is similar to that produced Wy
air Wbbles in llpida.

Two posasible reasons wihy the C wvalues shouli be wmexpeoislly
low can ba suggested., Piratly the predsure exponsnt of +he =ates of
oburnin: is aboat 0,7, 4.0, lescs than unity end, tharefora, the value
of & x § under the pressure conditions of wue slcch wave would be
very much leus than if the pressure exponsut were unity es 1i cprears
to Ye for many one phuie systems, Secondly, the transmitted shock
presyures in the axplosive materis” depend on ilie physical properties
of the latter and may he grzater or smaller than the pressure Jf the
ingident shook. Kelative to liquiis, this would have ths e*fsot
of Aiaplnning the card values for a given range of i x Q e.ther to
iavrger o¢ amaller valuea,

3. SIGNIFICANCE OF GAP THjT.

3.) In an adisbatic system having perfeot machanical oonfinement
any oompound which decomposes exothermically will ewventually
explods, The times required for this to hmppen are, bowever, '»ry
long at ordinary temperatures. I, in such a ayatem, a sufficiently
large "hiet spot' is formed them the resultant explosion will omtra
about tma: point, In practical aystems the oritical energy required
to start s explosive event dependa vory much on 19 meshanical amd
thermsl coafinement. L&t us now c~nsider the gap test with these
idess in mini, In the gap test a strong shook or sequence ol shucks

Confidential,
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TABLE TV,

GAP SuliSITIVISISS (SCATR ITT) OF FLASTIO LROPELLANTS

COMERTE LN Rate of urning i‘:? 2 sreet Corte

TION, Density at 1000 s d./z </ Prex

(See appeniiz IXX) onkec ycng‘n 4 rm 3 “
» 1P .ﬁ_

2202, 1,70 1,80 3.08 958 11 1 =

E260, 1,67 1.5 2.51 865 2067 -

bl -

- —

!
22
‘“i“;’“"ﬁ" L7L 2.0 342 &0 BB 12 0
!(‘9:;;1: % Cry0y) .69 LM 287 T2 A58 110 16
12
g
d

0 T S BB A

E Lo 0 1}

gt 1.85 1. 15 L. T3 1351 10 -
3
i

(=202 %5 Xalr 57 5 :
(=0 AR L1299 LT 45 248 4 2356

(260« HROeO7) 168 L1 200 o0 15 o -
(B8 & XX L0rP7) 166 ook Ls6 T 1202 P -
R 2003 U7 o 13 i s o -
RD 2331 1.6 030 Cu8 49 0 30 -
10

m a2 1.58 02.25 0.40 b 160 W J

(sse Pig, 3) ia transmitted to the explozive under exaainaticn, the
explosive bsing onntained in a standard vessel, a matil tubs, The
oriterion of a positi~e affaoct, 1.8, addition of energy from the
explosive to the shock wi.'e, on Scale I is the fraguentation of the
container and, on Soale III, the tearing of a wetal end-plate, The
initiating shock is not sufficiently strong to cerze moch danage,
Thisz implies that Lo get a positive effeat ci! .ot a reautive shocok
not necessarily a ustable one, mu=t¢ ve propagstcl through the
tlosive or thers must be a rap’/” increage in preesure above that
of the shock presszurs transmit:ad 4s ¢hs explosive from the donor

acrose the gap.

It 13 neoessar; a¢ this stege to anticipate our conolusion in
srdar to clarify discussion. In scae way, the initiuling shock
sJartes » exothermio reaction at some point or points in the
axplonive, We shall regard this exothermio resaction as a scmbugticr
veaotion and define this whole nsrocess as initiatton, Under
Javourable ocnditions, 1i,e. a sutfioiently high initiating pressure
and ndequate confinement, the pressure ai the point or pointe of
initietion will. inoresse. Thia process we 3all gronwth, If tLs
dinensiops and ononfinement of the explosive are large enough, %hia

5 . . - Gonﬂﬂonﬁhu
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growth procsas will lead to the formaticr of a sheuk wave of suffio-
dent atrengith to initlate more expiosive, i,e. a reactive shock will
ds Toiwnd, and 23entually a stable datorstion wave muy Da prodused,
W#a imagine, tharcfars, itha sayuence of events ¢o he za followese
initlationeds Zrowin-p reactive shock<pdetonation wave,

Tho growth process may be sufficiently wigoraus %o glve a positim
88fsct in the tzate, In Saale I, the phitographisc evidence shaws
that ir ddethyisne glycel dinitrate a lor wwlooity detonation wave s
propsgeted, The "positive effcct” in 3cals I is sulfisiently largse,
i,e, Freguantation of the oontainer, to sipport the photograrhic
avidences that a detonstion wave ie neadused, The "poaitive effeot”
$n much weeker iy 3oale IIT and 1t 1a impossible, at oresent to
stats whather an explosive reaction or an unstadle reactive snock is
sroduced,

A priori there ‘4 no =-ason to assume that ease of initiation
will run parallcl with ease ¢ growth as we pass f£o32 one explosive
to ancther. The tw, cases of particular interest arai=

{a) iniziz%isn eavy, growth Aifficlt,
() initinticn diffioult, grawth eany,

In cass {2), the explosive will have to be over-initiated in order
%0 get a positive effect in the temi. I case (b), a shock pressurs
surficient to initiate the explosive, ¥will produce a reactive shook
of suffizisnt satrength to give a pusitive scault. It d0es not
roiiow therefore, that the gap test neoessarily measures the sane
reperty for all expliosives,

Cn an empirical bagis it oan be argued tha the gep test
aeasures sase nf propagation, Some surt of assessment of easo P
propagation can be wads by s.emining tbe propagstion of detomation
of axplouyives in tubes of differ..s dimensions, In a rew cases
direot comparison with gep teat ssults is possidble, Such r:sults
ave given in Tatle V (details of the propagation tcat are given in
Appeniix IV); ths figurca in the "Ro-ultg™ ovlumn Fiwe the minimm
tube iameter in which the sxplosive nre.agales 3d8tonacion under
the aonditiona of test,

Explosive A\ provazates wore readily then explosive ¥ despite the
fact that it is less sonsitive than B, In each pair the explosive
whiich propegates better has the higher value of Q. This limited
evidenca suzgests, that 50alo III weasures either ease of initiation
or "Luili-up® of an explosion weve (growth) rather than eese ol
propagaiion,

In Soale I the inttiating shock is weaker, the charge dlaneter
is smaller and the wail thiokuese of the metal container leas than
in Soair ITI, It im also possible that the ac:apted indicalion of
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mABLRB V.
SUMPARISON OF PROFAGATION AMD GAP TEST RESULIS.
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7
H
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WmONIVE, GAP TEST Q RESULTS OF

SOALZ ITT, oal/i. . FROPAGATION TEST, |
&/8*

Noft, 54, %0, )
NoeiOy 36,50 )
W07 9%, )
Propyl Nitrave, 16 249, greater than 2°,
Dithekite D13, 30 1265 leas “han V16",
Stnys Nitreie, £y ry') pEAR]

5,

AR D

PN

| 13

&
v
d

§ e a %

Ve beomsinanc,
Bthyl Nitrete.
Nitromethane,

] 1ses than 1/4%, ,
Tl 4.

Nit 969 less than V4",

60/40 BYUG/PrdiCy, s g,

a positive result, namely frayuwentation of the ocovtaining tube, is

Wews G
nE&RE

2

more rigorous tha: that required in Scale III. In referemme to Pig,
2 it was poinici out the for a given value uf & X §, the explosive
with the higher vaiue of § was apparenvly the more senaitive, It
was shown in Section 2,2, however, that this errect may also be due
to uncertaint; in the vaiue assigned to the rate of burning, that
observed difierences in ratea of bur et low combusticn pressures
wuy Jlgappoar at presaures of 103 or 10% atma, Another aspeot of
the mattes i3 shown in Fin, L whape the explosives assessed on 2oale
I are plotted on a grid of & x 3 and oy, being the density of
the axplosive, Ths explosives fall arbitrarily into two classess~

S BRNR

(a) G216 and ) c4é,

and the field can be diwiied in such a way that the tvo classes ace
scparated, It aypears, the ore, that « C wvalue lesa than acme
wvalue batween 6 and 16 -n Scale I has no quantitative significance.
For a given velue of & x 3, A,Q must be above & certrin valus bofore
Scel= T gives aignificant results, We shall asaume therefors (see
argument 1. Section £,2) that only erclosives in which the grow®: ov
the explosion centre is repid can He asseased un Soale I; Ju otisr
words ease of initiation or of growth of ths explosion centre is
msagured if Q 1s large enough The factor P,Q is larger for ethylene
glyeol dinitrate/triavetin (.5/35) than for butane 2:3 diol dinitrate
and thus may be the cause of the large apparent difference in

genadrtivoness on Joale I,

3.2 The gsy teat technique was originally seleoted for thie sork
at E,R.D.E. because it was thought that, in principle, the strength
of vie initiation shock ceuld be mcasured, The propertien ot the
thock wave, which app2ar to be impnrtant, are itas prak pressure,

37 Crneldential,
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raleolty and thickness from which can be deduced the tirve for which
21y clement of explosive ig subjunted to ;oussuve, se have not yet
obt.ained adequate photographs of the shock waves in lisunids subilected
to gap tests but the photogiraphs so far obtained (Pig )) sow that
there is a sucnesaion of sho k waves, FKawever, measuremcnte of
shcok possgnres have baon made, The main ditticulty in neasurement
i one of prinoiple. If a shock wave passes from ons medium to
another, tic shuck pressure in the second medium mey hs higher arp
lewsr than the abock pressures in the first, For weal: shocks the
criterion i3 the aooustic edunce, 1,s, product of veluecity of
sound (o) and the density . Xf the sho.k is travelling from a
medium of low impedance (msali@o) into sns of high impedance, the
ahuok nressure in tie second nedium will be hicher than in t.ue first,
it follmve trom thin that measurzment of the shack prassure by ths
methoda deioridbed below way not give vie pressure in all explosives
aince they differ so muoh amongst themaelves in physicel propertiea.

Pape (11) has measured “he pressure in two ways;-
(a) by transmitting the nhock to a Hopkinson bar, and

(%) by transmittin: the shock ¢o water and caloulsting the
shock pressure [rom ‘he measured velocity,

Both uwethods of meazuresent give about the same values for the
pressurs (see Pig, 5) although the form of the ourve is rather
unexpectod in the case of water., The main point, however, iz that
v pressures ere aboubl the same desplio the lurge difference in
aooustio impedance bLeiwesn weler and ateel. It should be noted,
however, that the Hopkinson bar result is a time averapged result !{for
the fijguces qictel below, the time interval ia 5 jaecs;, whersav that
Cram she volsoiey in water 13 an iratu.tmmcus one for the leading
shock wave (ses Pig 3), Howeve=, +he Honkingzu ter results are
sizple and are as follows:=

Soale I log 10P = = L.0339 C + 4,63,
Scale ITI  log 3oP = ~ 0.0250 C + 476,

whers I’ i3 acasured 11 atms and C is th* number of cards in the
attenuating stack,

Measucements wish fower than 30 cands were not significant
because perranent damaze was done ‘v the Hopkinson dar and above 50
onrds the results were not reproducible, Extrapolation dbelow 30 cards
is prohubly prreiseible but not adbove 50 cards (gap test results are
irrsproducitle et oard valuea stove 50),

The c:timated awinimem pressurs required to obtain a positive
cesult with Dithekite D13 on Soale TII is about 1,0 x 10 atws and
about 1,2 £ 10% atma on 3cale I The only other cases for which a

ilrect compsariscn i3 poasidle fall on that purt of Jcale T where the

Confidential,
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reaults do nct wppear to have quantitative significance, If B is
linear funeting of 2 aind the nress..us weesured bty the Hopkinson bar
are roliable, Yhe wvalus o0f w x Q at the initiution pressures for
axpiosives can pe estingteds On Sosle I (C g16) tue valug of o x,Q
is about 5 x 10~ cal/om™ sea and on Soale IIX about 3 x 10* cal/oa”
383, The scatter i guite large. as the r=3jults in Table VI show,
but nevertheless the taites or snergy release repiired for imdtiation
oii Joele I dov aynesr ty Us siygnilicantiy higher than those required
on Soale I1L, This is to be expected in visw of ihs lighter
conditiony of confinsment in Scale I,

(Tatle IV) ars less sensitive than expected from the vaine of & x @,
TN duw sigperbed Liab a reassn for this might be that the pressure
SXpPUacht Of e 1ale Us Luliidigg 4e 40U LMD Uiy ASSURING DAY
the criticsl rate of energy releage on Scale III iz 3 x gt cal/m?
sec (Taoie VI) then, (i 2 Q)y/(2 = Q), = (P;/Pz) 8 whers a is 4he
pressure expcnent, subsorind”l rofars to refercace wnditions (e.g.
50 atms for li-quids, 1000 p.s.i. for plustioc propellant) and
subacg&pt 2 to,ths conditions in the initiating shock i.e, (& x Q)5 is
3 x 10* cal/cm® seo and P> can be csloulated from the value of C,

The abpve syuation .'or Plastic Propellant can be written: (R x Q)3/

3 x 10% = (54/P,)". Values of n have ceen caloulated for the
composisions 1D 22CC, ¥ 202, B 260, and B 251 (Table IV), t.e. for
compositiona containing no combuation cataly+ts, The values are
0.41, 0,40, V.44, and 0,5 respeotivcly, Although less than n deter-
mined at lov pressur<a (1000 p,s,i.) such values are not unreasnnahble
and, tlorefore, the low asnaltiveness of Plastio Propellants say

be ascoribed to their combuction properties and not to their physiccl
propertiess,

T# haa haen mantisned prawisuely that Plaséds Promallants

3.5 It uan be concluded frac this Uioscussion that the gap test does
not messure sags of propagsrion of detonanion but ease of initiution
and/'or the growth factor., It appears that at lcast a low~ccaer
detonation is produced :iuder the soniitions of Saale I but it has
not been proved whether a pou.tive result on gep test Scale IIT
involves a loweordar detonation, i,2. the rate of growth uvnder the
conditions or' Scale IIX may scot be sufficient to set .p a reactive

Bhtn,
4,  RIFLE BULLET SENSITIVENZSS.

4.1 Liquid Ixplosives,

It was shown in Ref 4 that the sensitiveness of liquid explosives
to rifle Lullet attack, unler the o~nditions specified in Rsf 14,
e~uld be corvelat~d with the sensitiveness on gap test (Ycals I1I).
An axnloalon, or partial or comnlcts detonation, was acoepted as a
oriicvion, 1t i3 pngsible, however, than an explosion cwmot alweys
be reryurded as an incipient detonation since it might ba argued that
the bullet creat~d a large surface in the liquid¢, e.g. hy envitation,
wiuich ign.ted and zave rige to ex loiive combustion, This could

Cmfidential,
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TADL VI
RSTTUATED RAJES GP ENERCY REJEASE
DR _DITTIATION OF mxrronreM
SALB I, acALE I,
Re® 0P RATE OF
EAFLOSIVE, C RUERGY RELOAS® EXAUSIVE. C BURSY FELEASR
cal/'oa=geo cal/m2gec
26 Y1 . | Boigl Kiiraie. 43 3.0 « 10*
8s 15 47 2.4 x10¢ BtOR
80 2 26 7.1 (9C, &/ ) 28 2.3 x o
2 75 25 22 5.4 3 30%| BIQIC,/fhlidy, 4
EC.N, 2.4, Y (6&0/40) 27 3.3 x 10,
a4 16 29 6.1 x 0, Secpyl Hitrate. 16 2.0 x 10,
g0 20 27 46 x 10| Niiromethare. 2, 3.1 x 10"
[)] 25 21 L% % 21071 Butane 2:3 dinitrate Y
Dithekite D13 (3.9 x 19)] + 4% BICH. 40 1.6 x 10
D.B.G.N. 27 8.9 x 107 &K NG, :
40K Triscetin, 16 2.9 x 10*

yor=: # W4, . Triacctin, N.C. ~ Miivoglyserine, B.0.N, - Bthylens
Clynnl Dindirate,

produce a sufficiently rapid rise in preassure %o caugse gevers damagy
to the coutainer without the onsat ¢f detonation, We have, theelfire,
re=axamined the reaulvs from Rel 14 although the data are statistically
inadequate, Significant results a.> shown in Table VII,

Apart from anowelies, being within the ecniter cpoofe". of zush
2 Gem3l) maar of twiale; wa see that thersa i3 a broad cor.elation

—- agem S

with 2ap teat sensitivensss whichever oriterion i3 regciled az a
positive event,

4.2 821id Bxplosives,

We have as yot very few data on sclids suitable for comparison
with the 1iquid explouives w.d gap sensitiveness measurements, The
available results sro given in Table VIIL,

The dsciaition of explosion, used in this work, isi;= “lImpect
accompani~: by a flaah or alight report. Box split along secams und
scoetimas throm as much as i5 yards.” (Ref 14). Such an eveni oould
sasily b3 produced by vigorous bturning insiie the box and 1t is
prardiy surprising that materials, suoh as Plastic Propellants, should

40 CopCidential,
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TR TABLE VII
B o
i*g SENSITLVANESS UP LIGUID BYPLOSIVES
o TC_RITED DULLIT ATTACK
e e
e ot | —
NO.,  PERCENTAGE c
e EXPIOSIVR, 0P IEPON- TETGA- SCALE
Lo | TIALS ATGIS TIONS &  IIX
:'H . m-wqu
TSR, ]
,':;*'!‘ BUN02 29 55 55 L3
Lo RenNO~/Pwi0,, 80/20, 18 13 13 37
gl ReNAS/ Nitwesivenre, 80/20, 25 2, 28 3%
BENOZ/Nitrontatuce, 75/26, 12 50 50 33
BtONO,/PrONOp, 70,30, 30 10 10 n
Wi BREDNO; /Nitwomethane, 60/40, 29 0 » n
. B4QHOy/PrONCa, 50/50, 30 7 13 %
Ditherite D 13, 60 8 2 30
pet Bt H0o/Nitromethane, 4L/50, 17 é 6 29
2i0N02/N4t - vethane, 70/30, 30 0 7 29
BUONOy it ronethare, 60740, 30 o o 27
Le(Ri0/PrONO2, %/4C. I 1 3 27
Dt Nitromsthane, 3 (o] 0 2L
e Dithekite D 20, 66 ) 0 19
R ProNG2, 30 0 0 16
B —_ N —
o
E PABLS .
Ty
s SRMITTTVERIESS O SOLID SXPLOSIVES TO PIFLE RULLET ATTACK (REP.QA).
ot - ) NO.  JEFCINTAGE,
¢ BXPIOSIVE, [EDTTY CALE SCALE 0P IETMNA EX0-
g/ea I III TRIALS TifN3 SIONS
Amatol, (80/20), 1. 25 - 0 20
. ( 4 /u)w), 3 3 7
| Presaed, ? s - 29 0 10
RDX (Prensedg. ? - - 27 81 19
TH? (Pressed). ? 25 - N 0 40
B 2200 ) .78 =~ 30 10 ) 90
RD 2201 ) Plastio - - - X 0 27
® 202 Peopellanta, 1,70 - 16 50 0 67
RD 2043 1,73 = 10 0 0 23
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give sxplosicns (so Aefined) under rifle bullet attack since they
have ouch higher praten ~f burning than 1imid explosives at low
Fevhaaris Leewpnie Tavie 1 anw 20ble IV,, Those resulis, and the
nonn rates of burninz of .igquid weiplosives and Plastic fropellants,
suyeat that the rifle bullat starts a comhuition reaction at a

ralatively laow pressurs,

fiticn we onnsider the few resulis with prexsed aolid granular
sspingivey, isre i3 no 4ncrolation with iquid explosives, Lligui?
explosives having C valusy greater thun 20 an Saale I woull ocertainily
zive rise to a larpe pernentage of detonations in tpe rifle builet
tent, A liquid sxplzoaive wisn a © walue of 25 on '?oulz I wou.d have
A x Q (at Su atma, pressuva) aqual to about 500 cal/cm"ses, Wa
savimata that the rate of burning of an homogeneous mixture of RDX
and Sevawax {3Y1C) woull be sbout 1,5 z/amZgec at 50 a‘m:, since
its heat of explosion is about 500 oal/g (0.2, Pig 7 of Ref 7), which
lsada *n 2 valus n? 1200 cal/ozees. for o 2 J, The explanation of
ithe disorspanoy mey stem Jium the fast that th: explosive la
inhomogenecus, The same oonglusion might be drawn fron ‘he relative
ssnsitivenesses of IOX/™T and T.N.T., 4.9 EDX/™NT behawen more
nearly like 7.°,7. thar 7.,D.X. The effect of inhomogeiielty on
senaitivensss ia discusacd latsr, Other factn+a not consideved ».
geain size, crystal size and louding density, all of which havy an

effect cn genei tiveness,

5. SENSTTIVATSS OF PRUGIED CHARGES OF T,M,T.

Cns of the difficulties in wensitivenesw work is to obtain a
logical link between the sensitiveness of liguld and sclid exploaives.
Certain explosives, hovaver are stable in the liquid and s8o5lid ~tate.
The er=%2a3t ant *o handle is T.N.T.; arother is Plorie dcid, In
cnese systeas it 15 poaaible to cowmpars 4hy scnsitivereas of a 1lizuid
and a solid, for whicl ithe clivuivel nuture of i-e Asnompoaition
proress i3 the same, “he cnly o1¢ference being the final tewpercbires
of the decompositicn process #hich depends on the magnitude of the

latent hea%t of Hgion.

It was desided to determine the sensitiveness ol T,N [, under
the following ocniitions;= (a) as & l:quiéd at 50°C, (d) as a cast
solid at ssbient temperatuce, and (o) 'a a presssd charge in whiols
the luading density, the grain size and ths crystai eize were waried,
uome results obtained at thig establiament ere ashown in Tigs,
and €b, These were obtained on gap Scale I which is almost the same
as Scale I, eaxcept for a Jiffererce in the ncclianical properties
of ithe mteel of the containing tube,

‘I'he muin 07 2lusions areie

(a) the sensitiveness is o funotion of demnaity, inoreasing
with density, pasaing threugh ¢ maxizum and thea decreasing

L2 Confidentisal,
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(r) At mpeyifiad density, pressed otarges of large geain aige
are more sensitive thmn vae. witn swall grain size,

(o) & pressed charge of graina wale from larg: crystals is
legs gonsitive than one of grains cade from sza.l orystals,

The resulus with cast T,H,T. and liquid T.N,T, ace sthuwn in Tadle IX,
TASLE IX

SRNIITIVENTSS OP T, X, T,

-

IOR! OF T.N.T, SCALE I,SCALR [l.SCALE ILI,
Normal wr-, \omsb)e v ris X
Liquid at ”o - 15 ”

The agreement ietween the asnsitivencss of limid and sast 7.N,T,
1a thouzhy to be fortuitous begause it is walleknown that the
sensitiveness of :ae¢t T.N,T, can be altered appreoiabdly by wariation
of the orystel size, This matter is disoussed in Seotion 6,

6.  ANALYSIS QF RESULTS,

6.1 Before attempting to analyse the main resulisz, we may sumarise
them briefly:

be product B x Q {24 P = 5C atms, ) zives a good oorrelation

& -

v Iy

of the sensitlre;:7z 2 11.uii «wplasives on gap &2t Scale
ITI and by the 0ifle tullet test,

R
\a;

(b) generally speaking the product & x Q gives a good
sovrelation quailtatively with aensitiveness over the whole

fi+11 of explosives,

on gap trst Scale I the D.oduct @ X ' iv not & sulficien’
oriterion, the magnitude c. 3 or®Q sluc appears o be
Lluporiang,

Lo
(]
~

\d) there are acme anomaliss amongat the solid explosives, e.g.
R.9.X, which deapite u lLiigher value nf m x Q, s less
genzitive than P,S,7.N, (20) ard ROX/BWX i: less son:itive
¢ 3cale I than would be guessed from its estima®=2d rate
of burning (4f it wers homogenmous),

\8) the rifis bulist sensitiweness of amadol, sressed T.N,T,
and pressed RDY/TNT iz less than that for liquids of similar

42 Confidential,
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6,2 "_;_.23)‘4(1 C)_L;a_.!x_g'__ﬂiﬂ.lin T wel
Ta angums that machanical aation produces a localised high
sempar-ture in the evplosivs, This high temperaturs oan be produced
by feiotion, “y shock waves cr by loocal strazas noncenteallon or
reicads, We arsume, furthermure, that a combusticn reaciion svaris
at the hot spots, This process we define as "in! ifacios”, and frox
Busden's wurk (15; it would appeas Janerally 4rus, Ia carsain soses
{®ege orrlain iniliatora), 4% ma,; .5t be true anu th= probable measos
v this 13 discussed n Appeniia 2. In noder o g+t a acasuvabls
axplcaive eft'eot 1t is neoesaa 'y for wne combuuilur veastion 4o 1lcald
to an :ncreasing pressure, Sinse this alsn requires 2n inoreasling

sizs of the "hot avot*, we defin: this second stage as gvowtl, The
s Sf praszi:e in oan 'g:l_-:_;lr)f\'xnh aentre® of radius *h

faus ol Ancroass of prassu:e
glven by equation 10 2f Appendix Vie ,
ir , R - Y % *A}
% cd { "'aﬁgg { 1
If 4y 1s & linesr func’'imn preasure, the factor

Moo, Q5 -F,O&Q

) I

ia sapproximately iindependent of pressurs ( fe W11l incresse slowly with
pressury), Nezleoting changes in M and ~ with pressure, we can write
equation 1 in the form

4D
R

[ s P, (] o %)
g ] ;"L&.th.Q‘ - ‘l’{?_"& on!} la
s ‘PN..[K’&‘Q -T e ¥ lb

A% A zivom oreagure P, a large valus of 4P/d¢ 14 favoursed by large
values of Ry, andgQ'i.e, by larga values of Rm‘-:o'.}' which is approx-
imately proportichal to & x Q (at any referenue pressure), c.m‘.;‘, 9.

If wa put 3 = Bno o7’ equa’ion 1b can be written

o n 3 - -
R CR(Ki- - V0] 1o
3.2, far » civen welue of 3, dP/dt inoreases with inorear.ng values

oT ol

I, theveforc, inltiation is relatively easy and we ac~ using a
eensitivensss t~al iu Wil h growth must oocur to give a measurable
offant, am in gap tests, we should expeot sensitiveness to increase
with inoreasing values of 1, approximately proportional to & x 3, and
ol £a3'e  This s, in fact, what we have found with explosiv.+ &2

‘v ¢

Scalre I and III (s9e Pigs ', 2 and 4),

1 2y = Rpy P, where n €1, we should expect the material to be

less scrsitive thun would correspond to the wmluc of i x 3 at the
refavence pressure of 50 atlmy, This sppears to be the case with
plaatin prepnllants (aeotion 2.4) and hydragzine and hyirogem neroxide
(dizcuszed in Ref 4), all of which materials have values of n less
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| 6.3 Initiation L7 CGnvite Tnitiatiem,
N
"3 A prosged gramalar expioyive must onntain gue-rilled cavities,
o i i% 15 59s0ible that initlation of 1at-nation of su:h explosives is
o | produced by the adiabatioc compr:. . iun of the ¢as in ‘he oavity, The
Sy A preseure required ts  ~iiiate a comtustica seaotion in an omln.‘.ve
_c‘w;_J} me torial voastaining  ..ltles is {equaviun§, Appandix VI):e
Ny T bo-& - ViR
oE \n&. 3. \-gg g4 l - \-5 ‘oo 5
xud where i is 'La arain ai..a, S L3 the demx‘y and P, is the inttiating
sl Preosauls, Accom.r.éx,,, Vit fosisure voqudred for initiation decreases ,
Loy a8 the grain size i3 Livisased {(af conctand :'.ensi*.y). With & fixed
,‘.';i grain size, the initiating prescure decreases s: denaity ls redvned,
‘ Thiis, 48 anibiqtion iz the contwollinze fanvar and nnt arcwth,
(defined in Section £,2), the aenaitiveneas of pressed chargen of
explosive will inorease with inoreasing grain aizes and decreas
density, Cleariy the sensitiveness oannot inorease indefinitely with :

decreusing density mcauset=

at some limiting low density the parti~les of explosive will
only Just be in ocontact, and

M
\a)

b) ease or initiation incre with inoreasing value of 4
._..!!'.!9.
{sauation 2) “ut rate o grawth deoreases with increasing

walue of 4, 1.0. at gz density. which will be lower the
amaller tue value of a, tns pressure required for a suffio=
iently rapid growth will be larzar than that required for
inittation and nence will bacome the omnteoliing factor,

If ccupression of a nressed porvus scild 1a primarily the
oouprossion" of the mvih.en, the<4 in squation 1 is the rudiums of
the cavitry when ooupmasod. “he initial radius of the caviiies 1s

where i rofers to initial oonditions (before compression) and o to
. initiating aconditions., Henoce

e de (Y ek yive
{31 1591 (R 3

In Auvpendix v 1% was shown that A in equation 1, whioh is a measure
of uhe confilement conditions oan be written (wt the begimning of

grewsn) 3\“‘
“‘.r%l-'o-x.'(&" {'é'}% 4

LS Confidentisl..

b .
- 5 { .‘:.r } (Bquation &4, Appeadix Vi)
whire d 1s the uimc Wb of the asvities, Now for al.abatic
\:EJ . oompression of the cavity
e Lo (PLR) 2 = 3 LR < XL (B o)
e
e

e G
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Coabining saticons I aiud 4 with cquaticn 1 we obtaln for the inttial

rate of growth rewan e
$Pw b {,&.} v Lxs-‘nsg - YL,
Ll o4 1& =y For 3 5
wien Py = 1 atm,

¥a cen 300 from equation 5 that (3P/a%), deorsases witn deuressing

proasure and &3creasing darsity, Thia offeat of changes in bulk

denaity on the {wo ter=a on the R.H,%. 1s differsny, dut not

enormorualy 30, as shown in Table X,

TABLE /.,
{(, s 1.55 (.. in ost T.§ .T.)

§ Hasio of |
§ Ljtle8) (5]600]” wictore )

L4 10.3 2,15 4.7
1.2 ols 1.5 2,9
1.0 2.7 1.2 2.3
0.3 2.1 .02 2.1
0,6 .8 0.86 2.9

Thus at Gecsiiies of 1.0 g/oe o-“leu the ratio of [‘ .“'OJ ami
&i{#=€) doea not Gepend much on & i,e, “he relative importance of

tne oconcinement ifaclor does not depend u.ted]\v s . N2 have,
therelara, tae following pictura. &% vazuca of qu dear to uniey

(a0t too close 4o wnity, sinca +he confinemen’ term ocniaining A
approasohes infiniiy faster tho the first terem) initiation may “w
dirtioult and growth relativasly easy. As dsoreas , initiation
becomes asgier snd growth more du. ticult, At some 6 , the minimum
pressure required for initiatisn may Le too low to produse a fas¢
enough rate of growth, 1.,e, & ligher initisting shook ore .sure will
be necu-ascy tn get growth fast enough to produce explosive combustim
or a reactive shock, The density at which the change cver ovours
%111 ba lower the smaller the value of d,

6.4 Pressed Charges of Explonive,

The behaviour of charges of pressed T.N.T., (Sectivn 5 and Pig 6)
approxitates to the description in Seotion v.3. It is wortmwnile
ingc. tin, nume:?sal values into equation 2 in orier to Geteimine
wnether ~he theoretical infilat’ ‘ng pressura is of the sxme order
= guy est.mate from other expe-‘wme:tal work. In equation 2 ws have

(Appeniix '-,.g’g R ‘h’ ies .l 'Fr (T o labw)

3 we dn Adiewhat less toan Sie heat of explosion (Ref 2)s The

Ad Goniidential.
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mzasurcd Talue of tha lLest of amdlacian la ahaud MO0 nnl’m (‘Dn; 16\

o A - - LT A
and the minwum estusate i 653 0als/gm (Teble ITT), We ahall asume

a value ot 700 oal/gm.
Qinmn /m 1s approximately independent of pressure {if m derends

M
1inesarly on presaurs) we van us. the value orP @ at one atmosptere
p TeIgUTrS,

]
hocording to Andveev [Ref 13), & (i a'm,) = 0,017 gu/em” ses,
3y iinear ﬂ*tra,cﬁa*ic-r. Irzz the valus at 1000 atws, we octain g (1
atzm, ) = a.r92 g/m om, Although this agreement i3 sstisfactory, we
2ind Alfficalty in ascepting thia wmlius hacaiasse

7 N\ . < - L - o & -
() it is tdghee than Vhat for an o al n‘l nltrate of the same
heat of sxylocicn (Mg 7 of Ref 7,, =an2,
) -
(t) the value of i x Q {at 50 atns), ‘ieducad fram the
senailivinsss on SSale Il cgrresponds o 2 welus of 2

(1 atm.) or about 0,005 g/om"sec. which app=ars more
reasonable on ocur experi=m:e of the rat:s of burning of
differcut classes of chemioal compounds /Ref 7).

a 10-3# zec,, & = 75, and R = 82 atm/deg. g
with Shese '-aluaa we obtain D = 3.4 (& = 0.02 g/cmsec) und U « 10,3
(b = 0,005 g/omcs20)s Equation 2 then bacomes

lee.d + 'y, teg [ (&- x),:] -\ (3uer M) -Bley®

p: Y (3‘1-‘1'3!'....1‘ Yal, B=0,57; i2 ¥ ia large, B approachea unity.
e shall choose thevefore & = 1.4 and B ¥ 0,75, Purther singe the
chargus wers made from oast T.N.T. we zhall assume de = 1.5% instesd
af 1,25, ihs awwetal density.

-

?r the_other physical pruperties we shall a=zsuxne:~ F = G,002 z/oa’,

Ewvaluating Py, with o= O w’ aud 3 = C,01 om, we dbisla &
value of log P, vetwsern 31,5 und lo..5 1,6, ~ in between 3 x 10” and
3 x 10% atma, now en Soale TT the values of C lis approxim.ely
between 20 4 5, Scale II i3 very siwilar tn 3cale I, the pressures
probably b.d.ng somewhat higher o Scale II for a given card value,
Prar the formulas in Section 3.2 we £ind that log P varies from about
3,80 to 4.10, which is within the ligita of the calaulated preas. e,

Por a given grain aize, the aensitiveness insreases by an amount
oo responding to Q cards or less ae the density changes fioa 1.3
to 0.8 g/onr. Equation 2 should give a valus which is not less
t‘un this sinve there must be a change over from the control by
irisiation %o uantrol by growth of exploaion oentres. ¥ have,

thersfore

ey LU= did][G](6-59) B 1(RIRS
With ihe above valves of'dy, 2 and 9, = 1,55 we obtain ivg P/P
a " %y which corresponds to a difrewenoo in C (4.8, C; = C,) of abou
10 earda. This iz reassnable agreement in v.ew of the oonpucsﬂom
due to bz growth of the explcsion centres.

47 Confidential.
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1
.
ey sy Lo ‘ ¢ R N ~d E “
w3 e have shown that changes in & arnd @ . 'f20t the lnltiation and
B | It folleowy fyem thia thet mmuniion

grovtn fastors in ogpoulie 3snses,
2 will alway-~ overastimate the effoct of chanjes in & and & on tns
initiation pressure Ige On 3oale II a preased ohnrge (6 2 1.05 &
with grain size between 20 and 38 B.S.S, 'ms a C vaiue of 25, A
pressel chzrge at the samne density with graire passing 200 5,3.3, has
- ¢ wvalue of 21, A grain aize of 20 %o 36 2.S5.5., size has a mean
dtanvter ol abeout 500 miorons; grains passing 200 R,3,8. have e
iamete: lass than 76 microns, Thus a change in 4 by a factor of 10
chantes the ¢ value 2y 4 ocarda, onrrespending ¢o a changze in log P
of about U, low ucoording to equation 6 a ahanze of & by a favtor

a

PRI (e

el ] .
-3 10 will changs log P by 1.33 (corrssponding to change in O of akout
= 4} omwAn),  The discrepanoy is enormous. let us, however, conailer
. the affect ot charge of grain size on the rate of growth cr an

Negleoting all terms except the first in equation §
(sreSiay . .

g
ke

2xplosion Jentre,
w2 hava, azsuring Py = 1 s, ..
&PI,&,{;_;%.?, . W3
Gels ™ L ocb § ..
Acsume that a pressuce, Py , is required to iuitiste a charge with

grein aize d, The preasr.s required to initiate a pressed chorge with
grains of 104 iz (rem equution 6) about P./20, Tha initial value of
% O ta..z"‘t 0. 0025 of

dr/d¢ for a grain size of W4, is thus'C.1l'x
on centras is

0

I

the valus tor A, Thus the rate of zrowth of explna
= LOU times slower and it thic rate i3 lcss than goce oritiocal value, a
=2 higher valus of the pressure will be nesessary. i.e, the decrease in

11
i

iniclating premsure will not be ag great a9 thet calculated from
equation 6,

a

g

o ,

g While 4this effect may well ocour, the effegt of changes in 4 1ia,

nccordir= ¢~ aciations 3 anl 6, indopendon% of § . Now irom Plg 6

et we can ac¢ that a change nf d by a Pacior 10 never has the warked

g efect amlrulated frow equaticns 2 :nd 6, Thersfore ws conalude that

;J (n) out model is inocorrsut, or,

fany

% (») our eatimate of the size of the cavities ia incorrect, or,

E"‘} {e) = signifioant factor has beeu smitted from our wmedel,

e

,.a, We do i)t believe that our model is hasisal.y incoreeot beoause it

H leads to case of initiation increasing with inoresse in particle slze
whereas sne basel on growth as the oontrolling mechanism vnuli give

the opposite result, .'le the method of estimating the size of the
caviiy from 2 and @ iz crude, we do not believe that a otange of d
by a Lactoe of 10 con have as little efiect as suzgested by the
cxperineniul resus s unlesu some factor has been omitted,

Cawe factor, has ccrtainly been omitied, In Ref 2 ii waz shown
& thav wnitiation ocoourred at a timp‘c after the arrival of the pressurs

.- :1

ve gt

. wavi, wizre Tis given Ly T ~10/v<P, Here v (s the acuivalent wapour
? phage rate of virning of the oondensed phase, i.e. the vapour phane
R L8 Gonlideatial,
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4 rate of burniug of the vapour at such an initial tesperature that the
;:?‘ finul onebustion tempsrature is ii: wais a3 that for ths cotbustiom of
by thi oondeasad phase, If the masa rate of burming depends linesrly om
;ej P, v is independent of pressure, We have &l eady estimated that m
A (2 aiam,) o I.N,T. probavly lies betwasn O, 02 end @,005 w’éizuib
4 v thorefore, lies between 2 and 0.5 ov/seo. 1,0, ¥ lies between 2.5/P
E. and 470, The preusures which we wre sonsidering are about 1;" ﬁ.
3 Therefors the pressure pulse uust have a duration between 2.5 x 5
s acd ) x 103 geca,
Lo
- In the gap teat tha pressure pulse is produced by avcenuating the
bz shook issuing r'rom a tetryl ctarge. EHowever, we mow sxpsrisesitaily
= that a series of shock waves, rather than a single shock, is vrens:-

‘ «:’.ﬂ mittad through the ezplosive, The reason sor this has besn suggested

to ua by Professor D, Pack, (Royal Teaimical College, Glusgm), Alwes
shs totryl pellet has detonated, the sysuvem oonsiste of the dstonation
products, the stienuating card stack and the reoeptor explosive
ocharge, A shook wewg i3 trangmitsed torough ths oard stack, pari ol
which is transsitted as a shook wave into thea sxplosive « pawg
refleoted, The refleoted part i3 aguin refleoted Ly the tnt Zusee
through tha ocar” stack towards the explosive, TIhe exploaiwe iz thus
subjectel tv a Jiries of shockm; e swck pressures will ciearly

be larger and the puwdse frequency shorter, the thinmer the attemuating
sard atack, We deduse from this that the "effective® presaure way
well be of short:r duration when the card stack i *hink, L,e¢, the
shook pressure is low, For ocavity initiation this i3 the oonverse

JERILL

initiaticn deoreases but the time during which this wiat aot inoreasea
¥o hawe ghom, however, that the “effective® luration of the preesurd
pPuiee probebly deoreases witi: deursceing pressures in the gip test,
Tf this iv w0, we can arcoeut an apimiaticn of tue lizsrsrmmey
betweens the offect of changing 4 on 4w gap sensitivamszs and that
ocaloulated by semati~: 2, As 4 inoreases, the preasure required
decrenses but the time du..ng which this muast act inoreases, In
srder to comply with thle tind regquirement the initiation yressirs
aust, thevefore, at aome value of d vtop falling r d start ¢o
iucceasa, This is what 18 obrerved sxperimentally and explains wis
equation 2 must, at least with atiue explosives, grossly ovsres.zate
the effsctive of changing 4 oa sh: iritiating pressure,

A
WL

3 e e,
r Y

6.5 gﬂ 4t Cha B”o

Cast T.N.T, has a density of 1,55 g/am’ whereas the orystal
daisity is about 1,64 at normal roon teampsrature. The solid thus
o.atains a large proportion of free space., If the oasv s2iid orystal
c.usisted o2 ona large crystal, the gas (air) woull bs in a solution.
and unifornly distridbuted shroughout the solid. I the orystal has
Sudalised imperfecticna s.d/or the charge conaists of wany orystals,
the gas will diffuse anl colleot between crystal feces and at

Confidentisl,

of tbhe requircments for initiation, i -
Thur, a3 the grain aize is inoreasad, the pressurs required for ! )
%‘
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aryats). ippertfections Af suffiolent.y large. It is igpuusible Lo
make an astimate <l the siss of pookets .4 gas, szoent thet 12 cast
oharses thaw ahould be =mall since the only sas pregent 1o the air
originally in eol :t2on and that nen?200d by tharasl decomposition,

Ve uan, however, i certain thst the mwmber of such ~avities pe> unit
v lums whether Yetwesn arystal fiviea or at orystal imperfecticns,

will bs larger the saaller tos o1ystals, The orys.al sise is sca=
trelied by the rate of cooling, Ths more rapid the ocoliag, the
sasaller ihe crystals, the greater ths number of imperfections ard ibe

il ubaindsy « . il ‘.:.':‘.ao-..
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sl ! amalleapr the smount of Algsolived gsas that diffuses an:r. 18 the
s attrastion of the diseclved gae nolooulu for each other is greaver
E‘;?"?.‘ than the attragtion Yatwesu tham :.d the --plu.:.u. :a:. 8 will be
e s ismzdesncy for the diusclesd pag %o frrm alaroascplis isporfsciicas
. (vubbles).

lat un, tharafare.. annsidar the asst aolid of dmity: with a
caviiieca \poohou of za8) of -..uuﬂ per wnit vilums, Ve have

dz - ‘%:.: ot lpf‘!'b‘f" s& ;-I::! 7

"'ho coufinement facto:’, 4, in equation 1, d-pom on n and¥y,
124, 18 the vaiue of «{ st ressure Po, thea
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Lt which 1;)-1-11.: to um-ttou A, !'!n m-th cquuou (using oqutiou
[ ] ? un 7a) 18 % Y (pv-dlu
s | iy Q L, ] - P T 3y t
ok ""f‘s’? { Ecs "‘ﬂ i
', when Py =

The initiation oquauon, fro- esustion 2 of Appandix VI and equation
% w 1 soove is - -

ﬁ% Hw-!g&—? -3".0. .'3.“%"' ka

B A3 we pass from a miLusoerysislline casting to a aingle large
R crystal the dsnmity will approach nes v tod ,, which in this cane
__"_:;‘Q is the erystal density enl n must approach sero but floga ~ log
e i (Y tml equatica 9, eprroaches infinity, Thus, oa this m’sl,
I 8 rus tal should de insensitive. If we consider a ont

" axple ain couuting of only a =% crystala, we canmot 2:7.cs s meen

< density ami therefore 4 will have no meaning bt the musber of

1 cavitiss will be few, If they are small initiatiun may be difficult

: tut 1t will be ~asisr than in the purs crystal; growth wll b

A favoured by the smallnass of the cavity, The net result xill be an
increase in sensitivensess but a reprod\wiblo sensitivensas wlll %e
vhtainnd only with large charzes il iLs crystals are large, s &

Ftuing crystal aise decreasss, n becomes tae tain factor since changes inf

?3 oniy nave a large ofi .ot when o. ~§ approsches sero, Thwe hutntion

Y3comea more 3. ficult Hut growth easier, nov oniy broause a
incronser but “eceuse P, tos pressure reauired tw produce initistion
also inoreasss, Ve should, therefure, expoot inttiation to %e_tho
contrvlling faotor at acme valus of & which mill be cicuer tod,, the

50 ' Contigaatial.
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szaller the orystal sizea, Microurystalline charges should therefore
behave like pressed chacges,

Tren & pressed ohnrgo of T.N.T. 1s made from Zrains obtained fron
& @lorouisuvaliine cast charge it is moss ssnsitive than one made froa
grains irom a cast oharge with large orystals., (Pige. 6a and €%),
Row cur model assuunss that iniiiation comvy in the cavitice bot'un
the grains, Any cavitiea inside the grains aust Ls smslle» than the
cavitios between the grains exoept possibiy when $w&, t'-emrou, it
+gens inevitable twt initiation must oocour ocustside the grains,
initlaticn oogurs, the preasure st momentarily inoreuse and thn
insccass way Lo sulliclent to met off “omvities™ in the g=ains. This
explu.n"ion is net antirely asceptablec bevauss :i.t suggests shat growsn
azd noé iniviation is the controliing process, wharsas the dependence
va W suggesie the couverse. The effect is, howsver, a smell one and
it vay be that we are attempting fo make too fine distinotions on a
orude theory.

I¢ is imposaible to denide whether the controlling process in
the ssnsitivensas of ocast T,N.T, (normal brom) is initiation or
growth, Aocording %o =g:ations 8 and §, if n deoreases, initiation
tocomaa 2zaier and ;‘rowth wore dirﬂ.:mlt. Comparing a cast material
with a prassed mterm nade ('rom particles of the cast saterial, we
should upeot n to be wmaller for the cast material, i,e, Mtintim

should bSe =asisr at & given density and growth wore diffimult,

sxtrapolaticu of the results in Pig & we see that the lmtﬁmcu
of cast T.N.T. appears to be about the same az that of a presasd
somposition of the sama denaity, IU is possible, therefore, but by
no meana certain, that growth ls the omntrolling faotor in ocsst
(rorwal brom) T.R.T.

]
=
o
=
=3
i |
e
;ﬂ‘i 6-? i 43 T-.-!"?o‘
—-—
!?: Liquid T.X.T, (et 90C) has a C walue of 30 on Soale i1, 1,6
"’32 the corresponding valus 2 & x Q at 50 atuw, is about 150 ou/u‘uo.
x4 Wa havs already pointed out trat tgoro are two possible valuse of ®
b | at 1_atm, vig 0.017 and 0,022 g/om*sea, Taking p mean value of 0,02
'*t»‘! om’seo At 1 atw, pressure, we obtain 1,0 go/omsco. 4t 5C atms. The
T wrlue of ] is uncertain, Asauming that all the oryzen is preswm* ua
: CO in the oombustion products, Q = 553 an.‘l./a. However, the c:.porha-
] tal value for Q is about 1000 oul/ .00 value of & x Q (at 5O atme,)
X thus lies between 653 and 1000 oa onZss0, This does not correspond
g - FOUTNOTZ: We should point out that the equation ;
. o} N,O-}CCC#?SH,«I.B‘ +C -
s which gives 0 = oul/g.-a is & most unikely ruaction, This walue of .
Q iz waoh lovar thm ths experimental figure. Juch a large Mourtainy >
- is not found with other aglosives acxamined, eroept propyl nitrate,
I.n coubuetion resations, Q for oropyl nitrate is uadoub lavger
‘ 256 oal/ga but even if it were as high a3 400 cal/mm, (sirce &xQ '-.
(A €0 atma, \ Wil Annrease only {oom 3 4o LE 331&“-) 1% would nss
b affsch the con-elation shom in Mg 1,

51 or dmﬁd.. ‘ u',','_.
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A Conridenial,

by with the seniitiveness on either Scale II or 3nale Il anl we find it
.gﬂ Airricult to acospt such u high race of burning from our knowlsdge

i o? the ccabustion 5f axplosives (pef 7. ITf we anaept '« value of _

b x Q (at 50 atms,) of 150 cal/am“se0, then & i3 0,15 oi GolF g/’
200 depending cm the valus of Q. Prom Tsble IX we can estimate that
11guid LN, T, would “ave & valus of about 1l ok Scale i, Now B!
gurt ldle hetwean about 950 or xsooa:i. om (ni.noopo ® 146 yc.?).

I8 v nonept that & 2 Q 3 150 cal/om™sec, then Q audt be not less than
abent 350 oal/g for the Soale I restlt $o Lo womparable witn Pig I,

Ly

2y analogy #ith othsr 1liquid explosives we ussume that growth &s
the contmollinz fagtor in the zap test sensitiweness, We have geen
that 4t 1o immassible 2 Aateimica whethar the somtrelling fsotsr
in the case of cast T,N,T., 1s initiation or growth. The pressure
corresponding to C = 30 on Scale IXT is about 1 x 10% atms; thas
oorreaponiing to C w 9 on Scale I ia about twice s large, This s
consistent with growth rathes than initiation being the oontruiling
facior, sinoce the confinemsnt on Scale I is less than that on SoslelIIl

FAAIVINT RS

-
7

In the growth prooes. the mmber of cavities, n, the radius of
the cavities r and the waius of & x ¢ are the imortant parameters.
We 2an he certain that & x § %111 he larger for liquid T.N,T, than
for caat T.i.0. since both & and { are larger, Howevey, we stwuld
ot sxpeot & to be larger tha) by & faotor of two (aee dndreswis
vulues 1a Section 2.3). I4 i3 Qifficult to see what the nature of
the cavities In the liguid oculd be (zasuming they axist) dut it 4s
osrtain that they must be sualler in size and in mwber than those
‘in a oast solid, It is, therefore, imposaible to say whether a
liquid ehould be mwore sensitive than a oast solid aince although
largar & £ Q and amaller ¢ faveur growth, the smallar value of n
doce 1ob, ANntloipating the conolumions from our disciseion, that the
aechanism of initiation in the gop “est aprlied 2 liquid erplosives
iz A7 ferent from that for aulld =cplosives, o nuat ocnolude thas,
even 2 grewth 13 the ocontrolling factor for hoth cast and liquid
7,M.7., the fact that these hewr ‘i sazs sensitiveness ig e
ocolnaidanos and not an instauce of a genoral phenomenon,

*his conuiumion is confirmed by re.ults with Piorio Acid (Pig 7).
Liquid Picric Acid at 120°C has a C wvalue un doale II of 354 oompared
wiih C values lor pressed gharges of Picrlo Aoid winich are not greater
than 270

These data are not quite conolusive since the gap: teat senaitive~
ness mizht have a teaperature coefficient, The liziied eviden~s:
available ‘ndicates that ary such Yemperature oceffiolent i1s asmail.
Thus tie gay sonsl iveness of liquid propyl nitrate is not wore tisn
one vard di’ferent at =15°2 from the value at about +15%0, Similarly
the seny’iivenesa of nitroguanidine o es by one caid when the
temperature is inarcazed froe 159 to 95°¢, (22).
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2 Cenfidentisl,
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b
a% 6.2 RO,YBXLZ
i
In Seotion 4.2 we have suggested that the smnsitirzerees of
] presssd RDI/BWX is 1lcas than woulld vurceipond $o the growth fantor
-4 tx Q 12 1¢ wore homogenous. In general, whether initiaticn or

> E-:v,pg;:‘]

growth were the oontrolliing factor we shoulld cxpeot R.D.X, sjstems to
be pocre sensitive than other s0lid explosives oconsidered Here with
the same velue of Q becauss R.D.X. ham tie highest rate of buraing,
However, we muci ruscuves that B,U.X/8.6.X. is at least a wo phaxe
system. When R.D.X, oryatals are covered with Beeswvax ite eavities
zay be between thase coated orystals, The aenaitivensss would he
wiuch lower Decause beeswa: does not burn (in the absenocs of aid).
Such e syeten should, therefure, be less sensitive than expecied
from the heat of explosion., It is possiole that initistiomn owriveé
insiio the orystals (o.f. pressed T.N.7. wade with grains froa cas$
T.N.T, of large exd of emall orystals) rather than in the wax
between the ovated avratals,

6.9 B.Eixt .g I.W!.
The Quoted ras: of buriiug of J,0.X. 19 definitely greater “han

that o2 2,2, 7.N, (Table iII) and these values agres spp
with the ratus of burning of other nit=auines cnd orgaio nitrates

(ve? 7). However, Eowden'a work om cavity initiation of P.B,T.N. ,,

g and R,D. X, (21) suggests that P.3.T.N. durns faster under his ocm~

e d4¢ins than 8,D,X, Neverthelear P.B.T.N. is, fvom all mperiwmos,
(oavity initiation, 18pact sensiiiveusis eni 85 sasitiverere) wore
sengitive than R.D,X, il,0.X, orystala are tarder than those of
P,R.7.%, and, therefore, We cennot tssociate tbe diff: wace with hot
apata produced by interorystalline friction althour: ' &3 well=hmowe

ig hat geds wiil sensitise k,D.X. aud P2 NN, 18 i a0t teets, If
R.D.X, doas Suim faster thax P.B,T.N,, ttau w8 ust syeupe that aome

:a important factor has tser ~mitted from our aodel,

% '

:3 T DoSCUSSICN,

;i,',_,' 7.1 Ths resulis of our analysis ocau be summarised as followsse

{7

o (a) b shock sensitiveness of !{iquids is Jetemined by +°-

= valus of tle pruducts & x r and pQ, the scoad fester

0 Souming inoreasingly important as the confinwent is
reduced, This behaviour suggests that growth rather than

. initiation is the controlling faotor in sensitiveness,

(b) the rate of “urning 1s a major fuotor in the 'maitivensss
¢t all explosives,

(6) the monsitiveness of pressed T.N,T. chargee cen be
reascnably explained by a combination of cavity initiatiom
and growth,

-
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Thatbread & Tisenan,

ConfMidrniial,

(3) iiquil 2.N.T. srparently fits in -tih other liquid explosiws
but tha wvalue of tlw rate of burniag is in doubs, Tae fans
that ldquid eud cast T.N.T. have the same sensitsiveness

i: prorabiy & odingidsnge,

(9) ths difference in semsitiveness he’wown R.D.X, and P.E.T.N.
a7 0T4ginats in phralcal, not ocaemizal fsictors.

(1) in binacy svsiems, the plLyeical state of the binary systes
may be of major imgotance, ¢, g, RDU/MIY,

(2) in rific bullet sests thers is A oorrelatine with gap
amasitiveness in the oase of liquid expicsives., I7 ibere is
& correlatioa in the casc 2 L2l4d explosives, L% is &
different one from that valid for liquid explosives,

7.2 The Gap Test,

¥o bave obtained some imowledge of the shock prescures transmitsed

to the «xplsaive in ¢hs T R,D.5, gap tests, 1t has aigo been sbown
(Mg, 3) thas a serdes 51 hocks 13 transmitted ¢o the evpioaive 30
tuat the explosive obazle 14 subjeoted to an "effective” presgure for
s tize, T, which deyenis on che gap thiskmess. Ths oonsequence of
this are snalys=d in Seotiom 6.4 Te can write €e £ (P), whare 7

is the "effeotiw® pressure. Clearly £ (#) will depend on the tjpe

of zan test, {,o, rn the material of the gap and cn ths aizs of the

dunov obarge,

For the purposes of analysis we have diatinguished between
L. ¢iation, by whinh we mean the starting of a ocabustinn resstion abd
came natnT or palbg WY the explosive; anl prowil at these points,
i.0. a positive value of df/dt at thsse roints, initieliu. ay be by
wllabtatio vompression of gas=filled uoles 1n the explosive, i.e,
oavities, but it is provable thii this 1s not ths mechinism in ligquid
axplosives (aao Section 7.4), If ¢.3 churge is cnomsed in metel, tha
ahock from the gap will be ¢transmitied to the ocntainers as well as to
the explosive., 7Tus partioie volacities in the contuiner an® wxplosive
niliy an geilzTal, be difTerent and 7isccus heailng of the esploaive
at the bnundarics nay be the cauge of initinticn., I$ aas bHeen showmn
that confinement is an important faotor in +:y growth process. It
Yal Le édsid. sisTusira, that “he Yype of conteiner uged foir the

exrlonive obharge may be important.
The two preceding pacagrarhs can e summed by the staiement

that the ¢rraitiveness neasured by a gap tust depends on the c. erie
mental ¢2chiique o well as on the expleaive, To Lllugtrate these

polnta 30 mote the following vesultese

(8) =@ seoin b veml | ~~wmal brown) T.M,T, srd liquid T.X.7.
2% 20 have about the semo ev.usirai = - Gasleg 11 and

B Coufidential,
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Confidential,

LI, aAmeiican workera (23) using a 2ifforent operimcatal
arvangecants, found liquid 7.N.T, $o be appreciabdly less
censitive than oest T.N.7.,

{b) Dithekiie D 13 ia less seniitive than ethyl nitiatc on
Socale III but wore sensitive cn 3oale I,

(@) J. Savity {24) wentione that (he relative semsitiToness of
2.D.X, and Tetryl ard of Composition A and 7,N.3, %a
reveraed when the container saterial is changed from; brass
0 sivwinium,

Originally this work on the gap tedt was started at 3.R.0D.8, on
the sssupticia that the test Was pigsisaily s zivple me, 1.0, the
propegation of a single shock wave into the explosive., ZThis is not
trus but the effasvty sade to obtain s Batter ploture of the events in
the gap ‘est have helbed ¢ obtain a better unders wding of the
mochanisw of censitivensss. Thus pointa (a) and (L) above may be
wplicable in terws of the cwnfinment faotor. Point (o), 1if
oonfirmed, prodablv camnot be explained in this way becauge » 4 Q and
%3 Sui R.D.%, arc larger than for tetryl and, therefore, under
certain onditions there may be some mechanisa of initiation other
than cavity initiation, e¢.g. viaocous heating, in which case the low
towperature rate ol decomposition of the sxplosive becomes an
impertant faotor,

1.3

We shall restrict our discussion to impact sensitiveness,
Measurements of impact sensitivemess are normally carried out with
PIYtsea «xplosives which have been lightly tazpei. In suoch seasure-
amts ths partiolap of the explosive oan o= walstive to each
other, i,0. friotional heatang is pussiiiic, air packets ard wwiovsed
in the explosive, 1.e. navity initiation is possible, and #ith
csriain Sypes of striksr pl . tlo deformation of the satriker can fsoour
and thus a hot spot can be formed on the striksr, With P.S.T.N.,
in the sLsenceof grit the initiation appears to de orvity inmitiatiom
(21), wnereus, with scme of the primary explosives, sot spots are
formed by friotional heating or Jocaiised plastin flow in the 2~ stuas

(21), Acoording to Eyster et allzs ‘23) the alditiom of gri% %o aa
explosive does not alter its gap test sensitivencss (oulled “Booster”
asasltiveness ia the U.3.). Mor 2aseament of handlimg bhasards,
impact tests are more significant than gap tests, despite the fact
that the vesults are gemerally wualitative.

Anotbor imporiant aspeot of an asyssscent test is the oritaricn
£oo a "positire® effeot in a tead, Im gep tesis we have Lred elsher
the fragmentation of the oconialner or the amomt of damage to a thim
u. il cover plate. Tw impaot tests, the volume of gas ¢volved by
the explusive (Intter Izpact Maohine) or the sound from an
exnlosion 13 usvd as & oriteriva. Now the iwpact and pap pressires

i
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voitbr2ad & Wigsman,

repadrad to produce these results may be different, ¥ith two
plsalvoz 4 snd R wa wmay hawe the follawin_ stnta o affairiie
(A; < R, (B) *m P& P,

Fy (A} D> 2y (3) whem P > P
i.y. & 711 appear lea. sensitive than B uvader one set ° conditions
wul 4o ¢ Jonsitive under another set, Thus, at £ w 10C p.s.d.p B
S'!!ﬂ) ~ 1.0 330 (extTapclotod fivm Tabia ITI) wut a7 73l Ls lower
se: Jeotinn 6.4) amd oy (M4,030,) = 0,8 aw/3e0 Mui the rate of bume
dug 35 D.H,Te appeatad 15 inersiss llnzoly with the nrenaves wharua
that o B CL0, izsresases ss PY {unpublished duta of Mr, G.K.adams,
¥.B.D. % ;s At low initiating presswes, 1,9, lcose powders ia lugact
tast, nq‘u’u* DAY ov a8 eerailire or cven woiv sensdbive tham TMNLY,
but at llitlating high pressures, 1.e, coupressed powdors in gep “est,
should be less sensitive. JAnothar osse in point is ocordise. Impaoct
teats on ocordites are always carried out with the finely diviied
material and under such conditions the cordites are quite samsitive,
(tan tezts measurexchita om oordite charges eliow that thsy ars very
inasmaiiive, A goold cord’tc ‘wige zas no povkats of fas and,
thiioloce, ocavidty init!a-tcu iz iaposwivie. Iu wanuleviuré, wordits
1a prepared eithar Uy a woiventless or =olvemt proocess, 1,0, the
cordite i3 never in the forw of a fine puader, Under manufacturing
oonditiong ¢hs impact sensitiveneas of finely divided ocordiie is
irrelevant, If, however, it is nece=cary (o waohine aor 3w the
cordite oharges, the high impact sensitiveness of tha fimely divided

puwder 45 sizmificant,

Nevertasless; ther= is ¢ broad correlation Detwesn the gap and
iapaat scasitivencssse of .y explosives and we must asoribe thig
ti thn lewsrt.anr rols ;layed by the rate of bumiag, Sizoe, rrom
the poins or view o pandiing, explosive burni-: !5 » rsewious hasswd,
the low yressure rate »f Luining, vnioh deterwines the sennitivencas
of locse powdars of «olid exvlosives or & liqid eaplosive coataining

air oubvies, is proda®ly & more ' Tortant senu.tiveness parameter

tha {he high pressurs rate of *urmiag.
e sase of composite explosives is oconsicered in Sestiom 7.5.

LY

7.4 Iiguid Bxplosives,

In the Zur tret measurement of the sensitiveness of 1lion!’
axplosives wae have shown that the results can be correlatel .
assumption that the growth of the explosiom oentre, and not
initiatioe, 1 the controlling prooess. We do not yet kmos * ~at the
meobsnise of iniiiaticn is but two possibilities wuat be ocisidereds-

(a) wvery small air-bubbles ia the ligquid, ana,
(b) loaa) fluotuatiore in density in the lijuia,

Ve can obtain an aslimace vl Sho winliim w#ixs of anv sutble

the
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Whitbreald & Wisoman, g

fro2 arntiom 2 of Appesdix VI (tae azaoct squation would give a uijher
value of the aize). With P, = 1 atu. we have, ,
4_. - 3&3 .Tﬁ“")'“. ,} . Q 1 -n ‘p ("""" o
* - - . C . -ttt ’
" e A

s "e

-
ibe umooreaivties im the values of X, @ and ¥ are mo¢ importast, If
toe gas ia ko Subble 42 alc, we essvme ¥ & loa, d.e.{-3eie0, 75, %w A
U3y m, 000, 224 Ro ~ 10 cal/acde, # is the donsity ia the pre=
wabistioe some, The tepIvature ia the cavity afier adiabetio 3 -
scagreaslm i3 Riga {arcat 3000°K) and a value of § & 0,000 P /ewr
sbpuid DT DO la sord Uy 2ora than & fanter of ve wm with P » K
W ams, Por many Mquid axplcsives & « &, 2 P, Vith these valves -
tuo equation above beoonesi- e o 18

T (3521058 @3 {mna™®
Some estimates of », frow this equation ave given ia Table XX,
2A3LE XI, .

\INTMIN BIBELE SIZE PR
CAVITY INITIATIN IN GAP T=3%,

& Q Patasz107 )
EXFLOSIVR. ‘/3.2 @)/ pressure in -.
aes m gap test,
9420

Rtayl Nitrato, 003 54 47 b x 1070
(3cale III)

U3 !
(3nnle III) .
Propyl Hitrate, .0N28 294 22,2

Riveowmetiane, » 0023 9

D.2,G.X, .07 089 5,25 2 x 10

S8inge tais iz 4tue winimum of gas ovubble for nitlatiom unde - the
pressure oonditioms in the gap tes? " .ich give a positive effect, sad
sincs we bavo shown thet the results osn be sorrelated with & x Q
(growth) end uot with B/Q (eawity initiatina), amy bubdles really
r nsible For initiation must he larger than this, i.e. at least
10" %ema, It is Aifficult to belleve tiat degassed 11iquid axplosives
do ontain hubhles of this sisze, exoept an cooasicnal oude

1t has been shown thas addition of siigle bubdbles (Alameter 0.1
am) to D.B.G.N, inoresses the sensitivensas very siightly (17), This
mist faoilitate iniriation bBut, suce we have foumd growth to be the

oontroliing mechaniam, it would not be expected to have much e’feow

o she gap sensitiveness,
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Scriicential,

It s kmowm Tkt there are density fluctuations in a liquid,
When a 1liquid is cuepressed there muyt be local inoreases of

tamparsture st the miorsscopis regionsg whare tha dansiis, Bsfore
ocompreasicn, was below the usan dems.ty, PFor siapliocity in caloula-~
tiom we shall asawne that ths 1liquid oontains "holes™, These "holea"
will be distributed at ranacm in the liauid hut at any moment there is
a finite possibility that rny aicrrscopic region contains more than

tha avYcage nuaar of olés, Suoh rogions will be ones of low Aenaity,

¥s a3 224inats tha sia'wua else of She ceylne 'n the follpwing
way. It was shown in ref 2 that the minimum sisze, ¥, of eavity in
which combuaiinn could ha nrepagated wae
A~ 3 an
v R 2 .
¥izh the values in Table XI we finc ihat r,a 5 x 107°z=. The mergy
neoessary to start the cumsustion reaoticn is (2)

q.‘l'-"':'* - ﬁ.‘!’*‘f‘% Q-% VS X

which for s4hyl nitrate is about 3 x mjw,a (values for tha other
ezpiosivas in Table XI mino'e Detweca 10 -and i07-cals). ‘lhis saavyy
howeyer, will not all be produs<d by sdiabatio ccmpressica 17 the
local rizs in temperature is cuffioient to decompose most of the
explosive molecules in a time of the order of a few miornsecocands,

The number of naloriesrelessel in a domain of radius rg (initially)
ssguming that scomists degompositicn takes plase, i

WX 4w > vasy - l‘.llo"' eal

which is smaller than the required emnergy by a faotor of 17 (allowence
slonlid be mels %~ the fact thet the reactiom i3 a conatant volume
rather Shon a4 censtant prassurs reaotion anl tha ailabatic hest o
ocapressicn should be added buv wncue oorrections will not ustaris~lly
affeat the reault), Tiis indicatzz that the coaplete decomposition
of all the othyl aitrate in suoh a ~~vity would .ot be sufficient to
atart the combastia: J2notion, i.e. the winimws savity siss would

be about 10 times iavger.

If the compression raises the temperatuc=~ in the wai'l domain
from T, s 300K to T°L, a thermal axplosint +ill Le produced in a
time T. Treawding this thereal axplosion ag an adiabatio fivrat-order
process (whivh gives a minimums walue of ¥}, it oan be ahowmn that

. Sp(e(Rr) JRT™
tx Spghn. o

For athyl nitrate, B = 39.9 k.cala/mole, Q ~ 70 k. oale/mole, 1o B =
15.8 aud g {for cthyl nitrate vapour) ~ 30 sals/mole, %! .th these
valuse ¢ n § x 10™ se0s, T w 600%K; Tw 5 x 10°° secs, T = 700°K;
Te2x 10" secs, T = 500K, ihe delay before ignition on mavity
initiation ©2) _izuvw wPwhich for einyl nitrate (P = 10" atus, v 4 3
n=/380) i3 ~10” ch. Expsrizentally the delay for D,5.G.N. contaiim
Lig & wabdic cthin Ladtlated by the gap teat, Sowlds I, la aUull 40 wivie

Lig
830, (17). Assuming tlab the hot sput wust te furwed in = time
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Canfilential,

ssriaialy not grsater than 100 }uoo, T aust 1is betw:un 800 and 700K,

Tas bulk riss in tewnerature when water is adiabaticslly

scuprensed to 10Watms. ta abnut 35°C, We ehall ascume that thiz rise

Stcoperature 1s bought about whom soms of tiie "holes” in the lijuid
ace £illad by compreasicn, i.e. forzing moleraies into them, If
axplosive liquiia >shave similarly (rough caloulations on methyl
nitrate (18) give a ussaller rise in temperatira) 10 times wore woles
Ar? needed than #ciat on the averaje per unis wvolumo of Mquid in the
domadn of sadius 1) ry = 5 x 20™* om, in order %o got a rise in
teaperatura of 300 to 40U, Since liquida at the weiting point are
% o 3p losa Consdd than 30lilds st thne sace tesperubure, W8 San eaF
arudely that a liquid ocontaina Ju to Se "holes™, i.e. piaces where
moleoules were in e 80iii staie., This oeans that the liquid would
have to have oylong (with dimenyions of 10=4 om) of less than nail
the mean denrity., This is most unlikely.

The two possivilavies dies:sged 2boww are net mechanisxs,
therslore, for the initiatiom o” liquid explosives in tha gwp tes$,
Uther possible mechaniems are visoous heating between the acntainsr
and the axplosive and concentration of shock »aver by rcflsotion from
the container walla Without further ewperimertal data it is futile
to suasulste, Howaver, :sven if the menhanism of initiation in the
gap teat s found, it eay atill give wo explanation &f hew low welooltw
detunativas propagats in nitroglyserine, asthyl aitrate and 4iethylene-
R:wiol dinitrate where the velocities of propageiion are ~2000 w's
and v “-~k pressures are as10* atas,

7.5 Selid Rxplosivus.

dn the o .iel disoussed in thic report, we have shown that ibe
reai bigineps of 3035501 chavwost A 32112 sxplosive ¢ inovease oFf
deorease with dmmgicy depending on whetacr tus cunie . .o .a3tor ia
groath or indtiation, 3imilay resul<s have peen founi b3 Jmsrican
workaza (20, 237, At demsitie3 near the absolute density intiatizn
opy be by anothcr machanism, '.e. by the ismperature rise producsd
by ccopreasion ol the bull exploasive, Cur medel thus sccounts Ilur
the phemozenon of "dead pressingt,

Yhen woe ocnsider composite erplaczives, the p.cture bhenowes | -~h
more oomplicatel. GCoopositions oonzti (4ing of an explosive plus
an inert component. e.g. RDX/ENX are oonsidered in the first pisoe.
If the Lusct oomponent oompletely ocovsrs each orystal of the
explosive component, and if the crystals ocntain no gas=filled
cavities, ths compcsiticn should behave ar insrt arterial to prss-urss
less than required for the 1 itiation of “dead pressed’ .aterial.
We nrn make an estimate of +l: thickneas of inert laysras in the
£0) lowing way, nainz ROX/Vax as our mod+l, Let us considew cvrstals
of iiameter d am, and oavities of Jdiameier 24 /inspeotion of equation
4 o° Appendix VI shows that this ocorresponds to & bulk density of
shout 1/94h of the absolute demsity), The thermal energy rel-aszed
in the cavit: ', adiabtatio compression from & preasure of i stm, to

5% ConfMdential.
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ome of P atus 1p sually shomn to 4 (rssuaing air in the onvity wiih
a moleoular wsisht ) 3 = ,
T @) B, o (rm
koY RTe ™
whare P a{TI-5Y yu 14 and o « apeaific heat por mele, I¢ P
i X l0v atus, T~ 3000 an? e can thereore neglect T, and obtain
ar 4Y o
‘ S S
TRLS ket L to Lo adscrbed by the fusi wi of *hs ineci waterial, If
ths roickness of the lnert material 1z Cam., ita effective laten.
heat o fusion, i,e, the emergy required t» raise tas inert raterial
from o tn 1te melting poinri and to fuse it, J., and ite deneity &,
am ¢
pir (ddrr L <MLL T o £ oacTi(senon)
X

et !
Aseuning T -'3000%,20 = 10 cal/wole, %, = 300, Py ~ 0.8 o, L e
50 o&}/g. 41 ~107C. Ifp. i3 ihs danaity of the explosiwe, the
poraeniage of inert material is £00 .‘é/d .ft/‘).. For IDX, P =
1,8 /o and, for a vax, ?1 a 0.8 3 Benoe aSout XX ol wax shwulid
be gufficient o desensitise R.D.X, Usually about 10 is used dut
Pennie and Sterling (25) report that %: Besr ax or Asrawx is ouffie-
ient to desensitise fine n D.X, It should »e noted that the density

Al

LN

-

T a

RS FERE Y.

- . N
£ L
Bldasian =

‘ of the wax does not enter nto this caloulation. 2ha requiruenta
2 ol ihe wax are that it should aave a large heat of fusiom, L, be

— 223y v 2prasd over the wxplosive and adhsre strongly to thue surfeace
‘; of tha exploaive a0 thut it is mot remowwd during handling, Since

for most purpoees, a souradle explouiv ia required 1* follows from
this discussion that the miniwm ascunt of wax 13 devermined b
pourubility veihen than gengitiveness, A high dmalty wax 12 olsarsly
undesirable if a sourable composition is required,

.

The T.H.T, ir ELX/™NT oospusiticns can bm regarded as the
4uaWnslTiIESLr and thiy is supr~rted by the faoy *had thauo compositicms
approrimate to T.N,¥,, wmther vhan s.V.i., in ¢heir sensitivencss
Denaviour,

Composite wxpiosives, such as NH,CLO, /TNT/AL, present a wunb mors
ddrficult case for analysis. Such onfneeltions, based on MH 700,/AL,
are rensitive tc impact tests Lut ielailvely mucsh less sensicivw on
gap teats. In impact tests; there ls plenty =¢ air in tne lightly
tamed sowponition go that oridation of tho ~wninium way providas
the necessary hot spots, and Triction and } .astioc deforwation mmy
play a signilloant role, In pressed charges of this material thesre
is zuvh leza uir and, therefors, the nscesss:y oxygen to bum the Al
muat he obtained from the NH,C0, whigh is therrally a very stable
material, Tt 1s not at all clear “hat the rate of buming of %...
gnaposite Tuacge ia reievant in thig case, it has been shown tha’
pressed cherges of . 4,GL0;/™NT/AL aie more sensitive, at thn zare
donaity, thu. oast obharges of tLé same onoposition (26). We suggest
that, in the ocest charges, the T.N.T. oovera the aluxinium so that
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dhithread & Wisecan,
Confidertial,

oxidation or the slu~irium by the drcomprsiiion producis of the
¥ 2B 15 preventa’. Cn this pasis w2 can undscetana gualitatively
whe l:03a nomdara of the three compunents are as seneitive as R.D.X,

- dremnat baata hier wvaladisralew minh VY-.as .”.".iv‘ T AT C’nﬁﬂ ﬂlﬂ
w AEEAV S AYM M SRb avelEs TVAy wW s mese smiSsdsTs t we
SVe QLTS Ansenaliil™ as “‘t &NP"&’-:IO!\!.

It was also founi (26) thzt the gap senaiiivensss decreased with
Asariasing demsivy. 43 the density decre. ses the mean aistancs belween
fuel snd oxicant oomponentis nmust irgraase, In order to get an 6xn=
thernio resctic: between the Ad and the WA,CLY,, a diffusion fleme

céwsen them and this +rdl) be more ALLfimle the 2renc.

Wda S ba Bit '\ip ‘:ov wR L UTL veewnd
ev “hs separation.

Jufriolent nas deen sald to indiuale e vuwplicaticnie . intso-
preting the bLehaviour of composite systems, It i3 propoucd t inveshe
izate the sensitiveness of vinary mixtures of NE GLS; end certain Zuels
ad 3.2.0.3, a3 s woalth of cochusticon data on this %nw.o of ayntam,

7.6 Rifle Bullet Sansitiveness,

It has becn atown that there 1s a reascnable ocorrelation beiween
vhe sensitiveness of liquia uxplosives om the gap Yeut wd to rills
bullets, Sinos the gep test measurementa omn te corralated by the
assuzption that growth, and not initiation of explcslon oentres is
the controlling wechanism, 1% 17 logical to apply the same conclusiom

to pesitive effecta produced by rifle bullets, We say "positive
alleuie” Veouaiuss ths reaulta prodicsd by «ifls Mullsty wery from

2513 axplosions to complete 2etonations. Further, plastio propellauia
give a higl percentage of e=plosicns althuugh thelr gap sensi-dveness
is low. A3 a possible explanation we have suggested that the

“cuns bl R 3P0t dn the rifle bullet test atarts as a low pregsura,
i.e, ~.‘.O"ah, combustion nroocas, Whather $ha rifle bullet causes
this as a resuit of frictimusl heating oi the explosies Avving its
paasage thruigis the explsiire, by forming a hot spot at the back or
front of the cuntainer from ‘he wrk don. in piercing the container
or 7y tha sradisticn of shock wavas is not knewn, Whatever the
mechanism, how:yer, we cannot easpect the correlation betwesn rifle
Yullet and gap test to DS necessarily the same for .iquids as that
far 30144 becpuse the iaitiation pre-ess i the onp tené is 61 @ ¢
for the two olasses of mntarials and we suggsst that ¢the indifal
pressure conditions in the two typss of tmal are also 3i8fcrent,

T™wo types of research will be neceasary to olarify this nrule
pinture, MFirstly a detalled study of the time between impaot and a
positive effect with different macses and encrgles of 7 agment
{bu'les) upder different coniinesent conditlions, Sasoondly, a
ooprarison of the pifle bullet senaitivenesa and gap test swuitiveners
of syatems for which the B),/2 ocurves croes at some prascure. The

following sysieus are quoted as examplest~

(a) othyl nitrate and 2:3 butane diol diniirmte, IS i3 'memn

61 Confldential,
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Corfidenticl,

thas ethyl wuitrate has tua higher rate of burning at P~
100 atms, wheroas it is less eencitive on the gsp test
Saala TTY,

-
Y

(%) « plustic rropellant with and without a oombustion

P .

e catalval, for which the catalysed compssition wiil have the

£ &g higher rate of burning at low pressure,

vl {e) T.N,?, eul ¥H,C20, sinca R, (TNT) increasea lino;rly with

£ ‘3 pressure whereas that for NH, C£0), increases as F?, and,

Ay i

'.'.:;‘-:a (1) etiuyl nitrate aicne and catalysed with an smine (5), .
n ]

o ':l‘

CONATIISTOMG
TN

Our taeais is that the mass rate of burning oombined with the
heet of explosion, is & good eriterion of the sensitiveness ~* a

it T8
Luoii

ey sompound, In gap tesi measwements the high pressure (sbove 1000 atms)
;:x.a rate of buming appears to Yé scvievant wnereas in impsst, and poscibhly
R | in :'it'J_.e bullet tests, the rate of durning ai lower Dressjures cppoars

:‘w.g to be important, Howeve., with s given compositicn, the sensitiveness

It

.

-is} T I

can ha variad over a certain rangs by alteretlions iu che densily,
graia aliée aml crysial sane or form (o md @ H M. X,). Completaly
satiafastory desensitisation implies that the energy per unit nass
and e denaity of ths explosive ia nct reduced, The method of
application of tha explosiva also addy additionsal restrictions, Thus,
if a pourable composition is requirad, a, s RDY/TNT, RDX/OCNY  the

movee

¥
R

R A N DA T R S A A 7 SRS I TR R23.-+.

e mimmum amount of liquid phass required is prcbably ahove the minimuw
;'f\\ amount necessary for satisfactory desensitisation,
;';: Desensitisation can be achieved dasically in two ways. The first

weiilice haw tne rate of burning snouid be ceiuced, with a3 Jittle
reduction in the energy a® poaciltic., Reduction L. thd rate of tu=n-
ing, without reduction ia energy., has not deen achieved except by
mixing aystems such as ethyl nitrate with nitrome=thane (Table I),
Tho second way iz to prevent mecnsanical action fium nraduscing hot
spots in the explosive, PFor iigqu.ds, this msans avoildinag the presence
of all ges bubthles 2n the liquid whica ir difficult, There i1s soms
indication, however, from Bowden's work (15) that, in impact tests,
the viscosity may be of soue importance, 1n the caese of =25lids, we
must reduce frictinnal heati:y, localised piastic deformation in the
crystals and cavity initiation, 1In theory it is puwsible that some
control of the firat two fac.vs cau be achieved by modifications

: to the crystal form, All thres factors can be controlled ¢o some .
"T'“- extent, by coating the high energy compoaents with soft materie®s
g | guch a8 waxni, We have suzgesied that A2 3% wax snould be suff'icient
1' tc desencitie a co'woum!, auch as R,D.X,, against cavity initiation
":«.(..i but wm do nnt knw snether such nmall quantities would be eftective
e in zpact tests with weit prosent, e can sse that, with such smalil

quantities o' deseaniiin~g, the piysical properties of the desen-
siticer, azart from The Jclavant thermal ones ann tha ahiiity o
adhere strongly to the explosive, are of minor imvartarce,

‘e
- At




Wnitbread & Wisoman,
Confidantial,

greater the quantity of desgnaitise . the more izportant bsoowme
properties suon as density and energy conteat, Of theze, the damaity
is piohbably most ‘aportant since detonation pressuis is approximately
Proportioal 3 She nsigg per undl @ase, wub Lo the seucind povwer of
tne density, A high density desensitiser inorezses the dilficulty
of application boosuse its volume is smaller,

It 1s shomy in ref 7 that ¢he rate of Ynrming ot prevsures of
20 atos, 1s & monotonio funotionof Q hut that explosives wan beo dividad
into three broad classes: nitramines, nitroxy compounds ond nitroe
vezpounds, the rate of burring et a givem Q dear2aaing in tuls order.
American workers Mave realised that the aliphacioc nitiouowpcunds orise
e frndtf) field of reseench end hawe specifinelly looked #9r a
Dub.:‘:o“;. :0" T...‘:.T. J.J'l ;‘:ﬁi‘ :;".’d‘-\;. :I..:.:‘ “wide :Q:‘:. aid ‘UV\:
explosives becaus® of thelr stabilivy, fairly hi h ensrgy scntent and
high dmasity, The efiicient utilisation of thess explosives requires
elther,

(s8) desensitisation with amall quantities of higa density
Aegangitisers, cr,

(V) ocombluabion wilh au alipuativ nitr:cosmpound with the
minizmum reductica in energy and doity.

Cliss (a) will give compositicus whicn cannot ue poured, dut must be
press-fillsd, Cluas (b) can give peuralle vuauposiiicis. The applie
caticn of thess ddcsa to sxplozive systems will bhe diacusssd in
anetlasr roport at a later date.
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Riadiceed bsa

.2 ibread & Hseman,

HUAPS (P PORMATION =  (Cumnrinijsd),

valusg are nol
& saith (J.G.9. 1954, 7695 quote a value of Jile w «45.8 k.cals/wl for
Ethyl Nitrate and a recent redeturminatica of AHp (cu,xo,) Zas drought
it back to the old velue of*27 x,0els/mole. The ein

Springall a=d Rus..te, 4.R,D. beport No, 6Li/hl,
H.4,¥, Mike, a.R.E, Report No, 25/4Y.
Ro%iason, Thermoivnamisa Uf Pirsuae, dill

All explosives can buam to detcnation, The mecnanins«, in 08t
sases, im tnat the ovmbuation gases venstrate into the mass cf the
explosive,
is much greater thran the tovus mass rate of buraing, Wa‘er such con=
ditivna presaars mradients wmill he farmed and aventually shock waves,
Sinces the g 8 flow intc a shock froxt s alwsys superaonic, e alwck
waws wiil move into the eaxplosive and detonation may sesult Leéuause
satse of burning normally incrcese with sressure, There is anuther
poasability, noaevrer, it the trus wass rete of bwrning ‘s hish
Rosk wawe witi ne farmed as moun Ad COmSUSTLON SOMEnRCES,

Lo

COWPOUND, HEAT QF P054ATION (-ABe).

Nitris Acsid. ISR
Nitrobensens, “ 3.5
Zthyl Alcohel, t8,1
uevhyl Nitrate, I5.h
Bthylens Glycol Dinitrate, .0
Treiegelion, 8.0
a, %,0F
za. 26,1
UpS {mas). £7.8n
w2r (13 quia)., £2.30
HYyArasine —oalQuia), - 12,05
jdaazine Nitrate, 60

Xsrzury ruininste, 65.%
Trinitrotriasicolenene, 202

Poteasium Picrate, 10,1
Laad {uphnate, 107

],D.X, - 1L, b
P.B.T.N, 126,7
TeLiyhe - 8,0
T.N.T. 10,2

in all cases. the bdesi cacs, Thus, Gaay

sourcas useq

1943,

APPENDIX _II.

MAYIWUM RATHE _OF _BURNING.

This leads 0 a msan rate of burning per unit ares which

6% Confadeutaal,
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st il

1.0, wuo comuustion 18 not possihla since catonacion incerveanes,
3iace thy gas flow dnto a ehicck forcot must b2 su-crnonde
.ntuitively one reels wnat an approximately necessary conditvion for
this type of phenomaica is tiat the gas flow from tha buminw surface
siiould o8 sonic, Ths sonic velscity, a, is defined hy a° &Y LT
whern:~ ¥ = epanific heat rstio. , T a temperatuvz cf coabustaon gases,
arz i » :.vlecul.\r maight of co-bu.tion geses, [(he gas flow velooity

frum & owrning eurface is v c© /9 » & RT/FM, where @ = deraity of
nluuhnn"v\n nol-g .M p - “"ﬂﬂurﬂ O{ ﬂw"-tior ‘?"..’ i..- l.l\itillo.i

ot u.r"u'-..hi-xg .-.‘.::z,.‘.u-a, M our appment deionation ad not oca-
-.4..'n-, ,__"-_ cogur if y\ Te nun tnen Aetermina & Armitical Yalue

Z "'!? -

il 5haids X e sas B a! Buimai

SUTEIRREL

< - f
itadd

5?,‘#’ 4.

i w m‘, wwisued u; - ,$
Ao F]
T “ers Q = hoat of Ggya..0310n and o s specific heat per
unii aass, we . wiie
PN Lorm,nu]
Tith Q = 6N sal/gm, © “out 30, Ye 1.2 and ¢ 'z° 4 cal/ye, deg, C,
the valus of @, at 2 = & ata,, is about 20 gw/om‘sec,

ﬂi

o

'!

A 7ore rigrcus analyris (Mavord Report 90 = 46) leads %o the

axprassion, “'

"y * rv[ Ca(va-n)]
TP 2 i3 a ananifin haat at aonatant volume. the exact exsression
saaller thsn the "intultive expressicn® by « iactor, (2(¥ e 1)/¥)* "' 2

If s i1 a gpecific heat at constant preasure, the faotor is

(a(¢+ 1))2 % 2. Thus, ctne maximum rate of oomountiun, winn guses

au ot panet=ata uto the exvnlosive is, at P = L ctm., about 10 ond
w6, , which ia far greaster tnan the rate of omous’mv' of any materials
valside the nnitistor claas (see Tabi- III =f texi)., I% iw pucsiule
that in the azides, nart:.ularly lea2, thallous and siiver agides, tae
trus rate -8 durning is greater than A, and thes caf~ve 8 hot spot gove
over to detonation vit.hnu‘ an interwadiate comiusiion regime, Bowden
and #1lium (Proc. Roy, - 1951, 208A, 176 have saoen that. vith
thin £3)7ms (about 0,1 mm, thi.k) of ‘the azides mantioued abov. , there
i3 no build up to detonation but datorsticn ~conrs .md‘n*ely on
initiation,
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Whithread & W/ amman,
Cunlidmutiel,

APPENDIX II],
COMPOSITION OF PLASTIC PROPELLANTS IN _TABLE IV,

Code Yu, NH, Ammoniuam Pelyise- Poly- SaNO3;  Lecithin
of c0, Picrste, dutylens, atyrene,
Goposition Parts by weight,

B 202, 86.5 - 1. N - - 1
B 260, 76.5 1z . - - 1
8 261, 66,5 20 i¢.5 - - 1
RD 2200, 59 - - 10 - L
V) 2‘—‘“50 - b)) - 10 3".‘ 1
Rb 2331, 36.5 50 12.5 - - 1
RD 2332, 26,5 60 12,5 - - 1

AFPENDIX _IV.
PROPACATION TEST,

Most tests of "datonability" are, in reelity, tesis oi propage~

tion, .n the usual form of' thizx test the material to be examined is
illed into a auwber of chacye vases o' sbuui egqual lengths but

differsnt diameters, anu attempts are made to initiate these chargae
with primers, the size of which incresses with charge diameter, In
geners.. the ability to suppoct a delunation wave 15 zreator at the
lacucr dusamters and with the more mmsalve confining tubes, Tube
ntr“anh is of acnndny imaertance sinsn *ne pressures invoived in
s ditoration {(about i0° stma,) are greater than the yiela psint of
any material,

In practice a standayi set of charge cases is used, each case
with 1ts own 8iz3 of primer, and tha result is quoted «& the suzllest
sive of tubing in which the material will propagatoe uetonation, Iuor
A sat af tiybes is piven delow,

Inside Wall
Diameter, Thickness, Primer,
2" 8 gauge, 60 grume Tetryl,
"? 8 gauge, LO grams Tetxyl,
i 16 gauge, 20 grams Tetryl,
:" 16 gauge, 10 wrams Tetryl,
™ 16 gauge, 5 grams Tetryl,
3" 15 zagge, Dstonater only,

67 Confidential,
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P asid
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i <5 ARG e s
d
: 5 Thitbread & ¥iseman,
4 Confidential,
3 Diametuors greater tnan & incnea are seldom used hecause of the
o~ | quantity of expicsive involvad, With diameters smaller tlien 3", the
—— ChArge case i3 joined 01 to A zeCtion Of largor wiewsbcs vV evvwuswe
£ dete tne detonator,
1
- . A g O OB = & e & .
. .
‘1 A-EENDIX ¥, .
%481
o ’ bl - io Buuasica
il 4o Zuoic Byuabood, i
:"?“ Lat ¥ be the volume of the cavity in an caplosive in which
P i combuation is occurring, "he mass, a§'¢ of gas (compustion products)
" in the cawvity at tims ¢ i3.- m(%) = V(t). ‘Pg?r,). .
g ; whers Ppil) » denpity of gaees in cavity, If we assums that the
ges¢s Lenave as ideal gsses (consideration of imperfect pases i3
: ! given later), Pg = Pd/x?, maence:=-
ol o 5 [L4P-R i
"y S =« 3 [$47-Hir] 2
oA where P » prezawrs, T = temperaturs, ¥ = mean molecular weight
e of geses (essumed independent of P and T), R = gas constant,
i at tine t o 8t, u (¢ +8t) = m (8) » 5722, Q6% vhere r = :
=] radius of cavity, By = lingar rate of bwming of cizloalve (cas/se3),
e po = densicy of capicsive (the compreasibilicy oi tne exploaive ig
3:‘ j[ 7 nf’%l‘ﬂtd). ’ - f
iy Ay (P +6) ~ () +%§_:e . m (o)) o Bl e k
. a shere £ = ircresss in radius iz tias &t,
! Substituting equation 2 41 equation 3 and nmoting that V(t) =
- {u/3). ) we obtain
. TTUR® T AL 3]l Bl $s-Rep St
. wiT e % T+ . g b
o which negiecting teams in (Jf%)€, leads to.
3 LdP.P4r - 1 ﬂ_‘_P_.‘g." ~
4 G ARt R Rt R 3 ?
l 2. Yalue of d7/dt,
&‘,] in time € t, the_radiys of the cavity incrvases by dr and the mans .
in the cavity by LWalRuft = m, Fe shall now divide this procsss
‘Mﬂi into iwo siages:-
i -
:’f,'g (a) _addition of hot gases of mu,{n, the redius changing frea -
Ful Ftore idt, no wrk iz done at this stage, !
(b, wxpansion of cavity from r + Rft to » + dr without sddition

vl

2
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cf hot genes,

]
(a) If Te is the initjal temperature of thg axplosive then n(t).c, i

(T' = Tol » QIR St » (2(t) + 1¥P°Rye:8t) .0, (T « Ty), whare

T' = semderature arter addition of znszd m of hot geses; Q =
iwat of szplosion at corstant voluse ai T, o » @San apscific
heat 2t c~astant volums (T-tn T),

35 rearranging the above syuation we utteinie-
T, « 3.8 . .R--—L..-—-L—\'“‘T @-cr)) {F
’ = T " sv Y ‘.
(d) Por ndiabatic expansion = P = corat, V' 7 {zhere ¥ 44 diffeyent
froi tne iuw tougssatws, loa prexsirs value), Whonea dP/P =

~Y4v,V @ «3Y #;-f

Purther P = const, *r'w") whence dF/P -%v ._tff‘ Therefore a7/7T w
- "‘po“" or -:‘.-T‘ - 3(‘-‘) ‘%
3+ -

7. ;
where T!' a temperaturs after expansion of cavity from r + Ryft)
tor +8r, The vaiue ofdr is (Ry ¢ AM:, whsre A is che linear
vate of expani'on under the nydrodynamic forcegy i.e.‘ r in
equetion 7 ia Mt.
g

Prom aquations 6 and 7 . .
TT - %g o R Q=3 it - ‘I(W)%‘gf

which can be written - , ( ’“
o~ n'. ﬁ- ss -ﬂl - )
*.g-%[%. e?P v ] 8.

since T'¥ T,

3+ Rate of Increase of Presaurs in Cevily,

Equativia 8 can be sostituted intc equation 5 to give
ol 2 3 Rymia=ct). | o 4. -\)i
- T= 2[Rl 3 + Tplio@. 3 - G-,

, ° A
How dr/d® = Ry . A, where A, u complex “unction of P »nd the oconlitiom
or -:onrinaunt,’ 1s the rate of growth o' the cavity .naer the presaurs
in the caviiy, Equation 9 can, theraf:r:, bde wcilvan
P & ol 1 P ¥ *

Ls mperfc-t Gases,

Instoed of assuming thet PV = nRT, we can tuke the +sxt approze
imat on of P(V = nb) = nRT, whare b a & ooratant, n s the number of

mol~a of ges in volume ¥V, [t follows from this that h.‘f".‘i'{l‘ﬂb’?)
I? ihe ebove analrais 18 reveated vdthi thia valuw for pg, we bdbtain:=

447 ¢ 318 Lt Rup (@ 0aeT) - (% o) -« ]

k.
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W¥hitbread & wisemayn,
':C'A . u..ntlh.

share & = 2P/RP, wiich is similar to equaiicw 9,

rp-
£

%11 SL\A'K 13

Tat us Liagine that ths charge, Jduring :he Luild-up meocess,
i3 expanding at a rais of 2 (ca”/sec) per uzit volume of exvuoaiv-
ana that ‘he 1ncrease in volume i{s ~Ltained entirely by expansiun

af ..10 cavities uviar tre hyarodynamin forcea, i.e. the comprsasibil-
18 of U condsnzed phass s naglactacd, lat thara ha n oavities,
vhich hawe a radjus p at "rﬂs-uro P, par unit voluwae of orpl.aun.
79 then have:s

. YT diefiy = E
Gevhe 2o 12,

whare dr,/dt is defined by dr/dt s &y ¢ dre/dt » Ry + A as in Seotion
5 of thas appendix, .

or

\

AVPENDIX VI,

INITIATICN 1IN & CONDENorD PHASK
CONTAINING CAVITIES,

1, it was shown in ref 2 itnat the pressure required to produce
initiation by the adiabatic comressior of gas in & cavity of initial

radius r, was given by the equcmn
¢ R ?'?P,u"

'Fu'i’..(’ P s hﬁ'-é'ﬁﬂ x']

elg Teo
‘,’: Q
6 i 5 »
hea

b
9

.5 densily a* mement of {nitiation,
f* explosvon,

»n-ml diffusivaty of gas,

mass rate of burning st pressure P,

initial pressure,

initiating nressure,

fas oonstant,

mean milecular weight of gases in oavwity,

wolecular weight of etplosive vapour,

apecific heat,

vADOUr presaucd of explosive in cowicy,

specific heat ratio,

ne an temperature in cavity at moment of inftiating, und,

initial temperature,

2 X n b )
0 -6 o -gpao o?s-a "0

ﬂlhﬂ'lll.lﬂﬂluﬂ

Niw i @ iz a linesr function of pressure, q is approcdinately irdsperdw
ant of pressure sincs 4P a N0 is6 a.io syprouinately idcoszident of
pressure, For most explosives p ir very ¢mall and the terw contsining
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ufn" CranM dartial,
:'.'Z
B |
‘e this can e neglactsa, In ref 23 it wia utimted that T1/°0, was

about 3 and woerefore if Py w107 atia, can elsc negliect this term.
Tquation 1 cun thersfore be written !.“ﬂ,“"

%[l [T

<X’

2.

P tetgs

Mol o et S Vit il s

wharee log o i ™ log D' -« B iog Pg. Where D' -(5:.:;,.&::}? ’“
lija

e B and 3 w{Wy-
i : <e  Ezustion 2 will now be aoplied to & presaed charge, Let the
zijff cherge he meda im A? nartinlas of exnlosive of griin aise d, If the
. Wc'; denaity o!‘ the explisive i @ and that of the prassed chiarze 1ad.
remg the muzbsr of t'»""-":"“ particles psr unit volume of pressed sharge s

i
o*¥ ... or %‘Tsé‘oé 4.

The fractinn of free space is (K<) & and 1if we regard this as ;

i ’j‘,}
B 31

dt.edbugod over n oavities peor unit volums of diameter d,, we obtaln
m.'f/bo o{§e-2 /(s wnich, on, subs tuting the valua of n froa
t'*unv. an 3‘ 19.-13 to d } :.' 3
dq of egquation 4 is equu. w &rg. prouu.ro requred to initiave
a pressed cna.rge b, 1 cavity initiation i3 thus given by

log d » .& ,.l’l...t/." @« lng D =B log P S

where D = 2D¢,
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The prime purpose of tssts of wdnsitivensss is to asssss tw
Probability of aocidentn) axpliaaicn orourring in eapluoaive clarges of
prastical sirze, Information is accumating st E.R.D X, that in the
case of scme tests of wetsitivensss it is ws chanse of sroeth, not
af {:idetion, that 1s assesssd, In this ceiegory me the 'Gap'
438t ari tsata of ssusltivenses to attack I msall aime ssmsucition and
Wy atghevelocity Soaguects, poseidly excepting when they are applied
™ maTTial3 Of 8 Righ order of sensi tivensss mich as R.D.X,

e saurk i

L Y
st b Bt

Py

' . ‘ [T
SR DY PR3 W ORIV 5 GUNpHPNg Wy PRy SO Py JYY =t CPg JR'T P g 1

Pertaps the most importent part of this izfsrwation is the
TTowd vorreiaiomn beteees asne' tivensss and an erhitraily defined
iwata ~v ex-Iyy 10i3320° Aequesd raw: Ayustian da%a.  The
ssrrelation, however, tends t~ =~y d~m for mezeriels uf hizh
sensitiversss, and sla falls fir plasilo prupellants ard colloi.gl
grovellante (cnmdits),

P

Augent wark at 5,.3,0.8, un the wsnhaniem o tests by projlestile
attack has rer.alad inducwmion perieds of up 0 500 mlarose ando
Ve WGy lxgat aud japlosion, tlus canlUming the tenc~tauce of the
Irovth vhass, Thars le evideuse of two tevcaidaxs onerstiig in U
653008400 process Waaugh it 1a probasie thae their cverall pattarm ia
thu sast, the rsatures oconiwibulicg tn the pretters var;2ay Lo d4grde,
Tha pizticnlar made prevailing {= 3 fumntion of ths lavel of sen-
<tivenses of the exploaive tes‘sd, and this say result in wals of
the 'Car’ type being amich less rulieble criteris for very seur! tive
axplogiierr taw, 2, say, liquic sonopronellants,

ed 24ig - ST L s e BTN TS e

Ir, « th a par‘ioular expioaive, it is olear whioh of the thres
shases of tue exziosive reeotion 13 the a0st significant, initiation,
or=wth ar prm.lgu'-i)n, aml 1: t-in is alsc the uorteuiling phass
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will be ol 7value evan if relating ¢ a different parameter amd
sliowdng wider soattir tuain with tw 1iquid prepsllants,

M\s.\wmﬂhc.‘f

Senal liverosa tosts a'~ usually performsd in urder that the chade
of an axplosion su a chargy of practical mse may oo estimatvsd, In
suih & prectioal charge ialtlation is usually ioportant only winen
scoaspaniad by the subsequiat growth of the exjlosion prvusas.

T™iTs 143 2 gToming body of ixfarwation at B O.NE, that dn a
mmber ol wwaus of senxitivcasse the mschanies of e téat la sviasd
W cumbee Hoi prsssaass, and that vhat dn helins seemred 10 not Ue
piobantilty of 2matiation dbut e raww of guith o & oS caos
dniviaied, 17 ihis is 30, Shiz 4hs properiiss asasared by these
42243 71l % be +he guve an those measured by other testa whioch do,

in fact, meesww initiaticn (e.g., tows impact machinea). If the
Aata are to de (n%elligently used it will be necessary to dedide doth

vhat {8 required and what is providied by ths tests umed,

1. Cap Test,

It has beeu Orserved b; siveisl authcrs ~ notably Myring (1) =
that scme toeta, particulariy those using a high-intensity shosk 0
ius viale s exploaive, give results vhiok are very reprofdusidile,

In axrder to put suzsitivensss stislies oo a4 Quactitative bastis it ma
therefore 4saidsd at Z,R.D.B, ame years ago to use the ‘gap’ test,
The preaise forma used at Waltnsm jbbey have beon Gesaribel olssubare
(&) ml 4t 18 auTICiont fO0 " waposas of tile peper w stats &as
tiwre are twe patterns .. *==cdiste interset, described as Scales I
ard TII, the malar diffescnoes being (a) At in Soale i e B8
nued to ocontain the ohispe under test is lighter tham that used 4in
Suele III, sl (D) that wheseas in Soale ) tae ariieriuu of a 'iire!
ia la frezmentataon of Lhe aharye case, ir. Soale IIT it io the
suptura of ke teat plaze placud um WL WP 2f the ° .arge undez test,
iU outh cases e result obtalu ! {2 4 mssar, noen as the ‘nerd
valus', whioh 4n0Te- w8 Witd inCrecscuy 60 tivecra,

2, iT jeotile Toata

! Sinoe in the past Lt has deen believed to de of ‘practioali’(es
ctiosed to 'acsdemic') fxvortavcs, and ~238.38 toe seeils Lave acme
PR TRfilasis e relatdinn ta the igap' tewt, a consiieracle viivms o2
warg bas t sn done au the ‘rifle bullet atiack® toat and oo ‘te ‘highe
v Ty fI2garnt attack’ leels  1i iLee~ lap the explomer f
gt f20te2 4 nrndentile atvaik while confined in 3 scatainer, toe
subseyuent cuditicn of whick, iz copjunotion with blast eflects,

% 4 cArge has explaied,
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In an analysis of the results obtained by the faregoing tests (3)

iy vas abowani-
- ? ] v 7 !

{8) That sunsitivenuss, as measured | | ' /l/ p |
oy soals ITI (wiaich deals with less i i g0 L-/ ;
sensitive explosives than does -l I A -
Soals T), correlstes linearly with ; </ !
the produot &Q, whure & is a mass S0 |
tate of bwadng uwndsr msnonropsliat - AR [
sorditions at an arvitrary pressurv, T NP Ao iem . a
2C papapherss, (tos units of Lare Sy e —— o
T ) and Q 18 i besi of i oo )0 y
exploaicn (water gaseous) at TSl oy " 1 =
Jonstact pressure, The data are L /, o i '
sumarised in Tabls 1 apd graphieally VP :
reprecented in Mg, 1. " ,;" - - -

Yor any two-vospansnt systea ) ' !
{8.8., othyl mitrate/eth:i alochol) L L |
the corrslation between sensitsve= ¢ - - " -
ness and the combustion dats is o g

sxcellent, deviations froa the KL RN &CX OF DWW MBEAR.  Ne L
lipsar relation amounting usually

t~ one unlt {oard) of sensitivensss,

48 can e s39n from Pioure 1, the ovirall correlali.u is very good;
if the ¢ase of 2;) butanediol dinitrate is excepted the regresaion
cosffioient is .55, which is significant at the 0.001 level for tiw
nuter of materials lested, Ii is of interest that sven the 2:3-
hutinallll J'-Lizate systen shows the rcr—elation between seusitive-
ness and &3 when oc'.sidered by iteelf,

(b) Tat a linear reiation ea's.s - - T
between ths percentage explveiuus | ; :
cbtained ir the 'rifle bullet' - N 1
teat and the sevsitivenesa as i , ‘

- et ol .\_v' +hae .g.p' uct’ i / .
2zale IIL {ard therarore, the : :

' i g
‘rirle bullet' results correlate ; ! X .
=ik &) (P, 2.). e e
: : ' i i !
- — . —-——-f——-f—'—"‘; [
]

L LU X

Peroentage oqlcalona Ln the Rifle nuilet
Taet Va. Card valuc [Cap Text Suale IIT)Y,
g, <.
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(o) That a0 aimple correlation could «— S —
be found betwsca 2Q and the sard . l

valus for the naterials testad on ‘

1
i |
Soale I (i.e,, for the more semaitiw | { ' (
class of muterisls) (Table 2) Mgz.3.) * ] =
Folle u.e bulk of e WaTs ! ! b
Cemorvibed deais mih liguids, sx- | g g e
t8adi o O 30iidid 4B LI VAY. ! “! " = ,x’
The wost outstanding result so Zar || e g l
ix that the plastia vropvellants and { ,;’f)/.'o’//.f:mmm ;
corcites, whe red 4 P T SRS m——
s 51-"61:’:::.1? g: '.'s-‘; :?:;e::g:::, = ;.“.._:: |
sz juiged oo tue bamis ul te A e b ot |
celatior, .Tabis 3)e 1 o% | seeeme s |
[ ] [ L] [ __J [
e 1% i3 iaportant ihat, e

evertially, the machanisas ror all

tests of sersitivensss are under- ST KT aTan e ot

stoud, wua dirsctly almsd ot <t

evaluati~g of mechanism his, at

B,R,D,5., besn reatrioted to tle

Sragment' and 'rifls hullet' tests,

In elow of the links toth have with

89, it is provavie that similar @ o
Xy

mecharimes will ™ found for both

the projectile and tho Soale IIX g
'gap' iest, The dotails of the

results of this inveatigation are

as follows (4)i=

(a) 1he tasts are very sensi*ive .
to th" ocomstruction of the g ds
contaiper, for ssiaple, a chsrze

in the propartion of welded to

folded edges hae been found %
Liave a marked iafluence on ths results. Ethyl aitrste, M ~od in a

Voi voastiucted as shown in Pigure 4(al, geve 50X of explcdious, but
1f the bos was aaie ad 10 Piges(d) loe pssvu’age of sx.losicns fell
to 4C, & sigrificant dscwenss in the 50-sii . samples used,

E

(b) The tewts ars relatively insenscitive to the energy of the
projeccile, providsd tbat this exceeds scaw min‘mus value. Thua ¢
in a steel bax of unifora thicknesa a 'windcw® of varying thicimess
13 fitted at the polnt of entry of tas uuilel, ths results ahwa in
Table 4 arJ ovtet wwd, The sllght {r-vease in letballty with tMink-
nese of e=try wirdows from 1/16 to } .noh is not suadiatically
elznifiomi in the sample size (50 ahots) usel, Ths sharp decrease
ot 5/16 inoh is significant and would seem to indi.ate that the
prolentile muat “ove a certain mnpimus 648ray fer iniation; but if

1% Sas U9 minimm energy, dw erorebilitv of axplosion s <3termu.w

oalnly by the explosive contarnesr. If the thickrwes of the whole
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Smaliivenee of 1tcoid aralasives i Soale |
2o K3 a o JPHA
. ¢ea’ |/ ovel eai /g /a/ u{/‘dii C# oremy
-l e .
. Ritusglyeeris | Triaontia
| 0 12 Tecm ¢ S22 1EXIO 11,51 g 0B faB S | 8
b - i 128 1 0,E 170 10,36 | U {TBIW | ©
o .S ns 12 1052 (w0 lom | 8% fmbin | s
(] » 1647 | Ok (1009 JO65 | @6 Juas|as ; 3
75 t 148 | 029 | 8 [ O 2! i ]
& » » 142 [ 000} 720 10,85 | 205 [tomt]| S | &
Sylmcgl;ael | Trissetia
alnitrety
7 » u 1448 1 0,59 120 1081 | 1012 ey -]
8 16 i3 | 02 1091 [ 0,61 “ intej | »
8.5 7.3 Tot2 | 09701 10k | 0u54 Sch il N »
10 80 ” 141 4 0 M 043 | 45 |} D
1 75 S 1.9 A FER Ay jkk )2 »
12 Byl witrete ot | 037 | 75k 048 N jawyi 2 'y
13 Nitremethae tath {Oytnl s loath | 10 Jures| 3 A
1k D136 157 WE5 10,117 ] wusslumoise | »
15 320 196 137 1 - 2
! 16| Sutane 239 dial diaityeie 163058 GotS ! B8 (0,295 | w3 Jui: € a
” nuw alaitrese 139 [ 0611 077 (088 | 7o [t2ve!n? ]
I {

%C 13 a measure of the thiicmess of the gap. The gap consists of
cexda and C is the mumber of cards in the oriticul =iz of gep.

#F 33 (and henoe %) ocbtained frwm Pigure 1,
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S of Logesition -ll ard. n.‘.’!?.h.l,sb._.l, wl/sm m.sno (a~ mI o
:;:5' : w_lanal m/od/ene -
s H
H w=a wol 19| 2. w | o@n | e
o =5 1121 0| 28 M6 ne ]
<3 u- 2] L e ™m 1 10
o 3"8 , o S
} 3 (2% + 3 crgdu) ) Yol | V| Sead to | W 12
L =13 i t | am 10
; ’ 3 (m‘ . ’ w\" ‘ 'U“ ‘ 10” zo”’ ”
|
| el 171 wae ! 2,80 12
} i‘ (K202 ¢ 28 KgCra0y 3 ! il e
bded 1 Yot 1 3% 9 10
J (8260 o 36 Kesrg0y ) M| is] 199
f‘;i v TAB | U] 1e360 ™ 120 10
42 (2261 + 38 Tomgd) )
oy
VT 0.2200 178 ] 1487 3348 110 »is 2
i Rind I a2 vk 183 ki 10
=R ;u.w' 140 ] o0 O)l28 L] >0 1%
2 LLW1L | 18| 0>y wui WK | én 1
}, i H i H
1 Notest= (1) Theee peupsllanta are pt.tty-li"o materiala made by
| vouting a salt oxiiant weih a Ligh polymer binrder,
) {2) Ths alr content of the 'Fres from air' material is
| } about ¥%,
\
1 } (3) The retes of burniag ere for 1000 p.s.i., data ia
I other tables lu Uds ripa~t arve ror 50 stm, The
} ‘,:é Jorrection factor, whioh is not knowr eas:ily, should
P 20% be less taan 0,75,
1
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5 Choppod ¥ A\ l (a) 3
(% %
s 1o DA% 1.8 L %0 w
P.A08/6i0 1,550 04 () ) 80 10

¥ 150 chopped' consists of yiussed charges, meus from chopped SC
cord, (a; of diameter and leugth = 0,205 inch each, and
{b) of d1ameter and length = 0,048 inch eash,
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box ip ve. .ed, and not Just e pcius uf ocuiry, then there ia a
proicur, offeot on the lethality, an iw ahown in Table 5,

The way in wdch the anergy of the projectiie is made wp (i,.e.,
thy raladve importance of mass and velocity) has s oocnsidetanle eftwst
on the lethality., Doxss =23 by welding /96 inch alwet ateel ol
olates 3 J=iinoh long sectiors of 33 inches 0,D. x 3 gaugs pipe were
ntdached by hghevelooity fragments and rifle bullets, ths nrojectile
sa8ting axially through the box, Ths results with etkyl mitrate are
7iven in Table €, and it can be seen that, compared with the 1,7 om,
Iragment, tos 7.5 gme fragaent ie Dot aors leithal, in srite of it
iwrguad nevgy, and tha® the rifle bullet is (in this contaxt) guits

PO T3

i
:
i
i
Whan uaing boxer with perspsx windows, highespeed photography of g
ths antry caritias produced showsd that, whersas the rifle bullst wpde N
A 9lsan ‘Wnnmel througu the liquid, ¢he bomb fragment wils a lacge
heri mnherical cavily, It was thought .t the dlast preusere from
ths bomb used 40 drive the fragwent was inflating the caviiy thwough
ths antry hole, t'ins artificially inoreasing the mufece and internal
pressurs, an effect abseut in the case =i the Yullet, A ramber of
ahots were firsd in which bombs withcut fragoents were used to atiack
f1lled boxes with a previcusly made hole, In no case did initiation
ogour, wor was any oavity formed., It would seem, therefore, that
the groater lethality of the umaller fragment, 23 coxpared with the
bullect, ia a real phenomenocn and not produced by ths expsrimental
5
g
ol

conad tiona,

(o) It is possible to cbserve a delyy between the impect of ihe
wwleeulie wrg tha sxplostion, Mres a4t 3 ave besn vaed in thia
work;=

. S

(1) warying the ccns*z.csiom, ! . !
and thareby the bursiing .., ! , : ! ;
| '

{
|

AN

ot the baox, - _.;._ e s - /

(il) hizh speed clisza’o-
GFapy, ard +
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(1i1) obsarvatisn of the light | ' ,

svolved from the bory, by meazs i : VA

of a photaultipllsr coupled o = —-‘--I'/; - .
|
[ .

s cathode ray oncillegraph,

[}
foe ——

' ' l
The trird zethod gives S

vuivlts more suited to exace -— e

analysis than Lho other two,

ar by the use c¢i a mmter of

mivbweas of differing AQ the WA O CELw e an rg §

ve'dation of the dslay wita this
narens :ar hce been cbserved,.{Twdle 7 Mg.S), and ‘ae delay fuund %o te
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inverssly pronortionl ta 43,
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In visw 22 ¢he correlation aith A Jfor deth 'Trp' i Frojeotils
tasts, it srouwld op;su' resgonablse to ouppon that ¥: are dsaling not
wiih indtiatisn itself tut with the grswill of &5 o-coess subseuent
v tritliatiun, el that this prooceas is similar to cambaation,

.;aaumng <he raunon botnon “he do.lgv nnd aQ in the rifle
% Slewa L Tabis 7 \:4.‘. D)s L% Geun Vi smer WAl 1% is at

=1y
—
g’ |

4 (34
-y

ot
o u

m
-

D=ads X
p—
B

Whuo o D = weasured dalgy A and K are constants,

Siuve oY is a rais of cnurgy reloasc per unit area it Joliows that
k/2Q 18 the tizme fur acce given quentity of energy to ©9 produred,
It 43 oot surprising, thc-efore, that this will ourzelate with the
abaserved delay frow impact to soms Gefired phenowenun such as the
spregranne of light, Wuat is surprising is the length of the deleys
(wp ‘o nsarly X wmdorossornds) whinh ocsn only re-exghrsise that the
rats of enorgy produstion in the early stages must be low, as, b7
CONBOYUOIL G, WML Ly Wl pI®sure.

The eotual ohservation in a series of rifle dullet teats is the
protabilily of sxplosion, as determined by ths properticr of haxes
acivelly explceding ey oet corditions., TuniiwicHHon by &y one o
more ol what might be termed the primsry pronasses (i.e., s0ock
Trzauss) sy Lopact, visooue healisg of hw liould flowling round the

joot..la, haating by ita ;=~;actile whi s ham {teelf Liaa Bvs’ed
O’ 1“ pendand ‘-ouon the ' 7ont nlgf,. and '_inw‘nn. af rha .v-n’nv-‘
Latwaer. the ~rolenvile w.d ths back p.a‘.o: gomrg La the MMrat 1”'.) -
150 a.‘..::auca.adl, and whera e delay L9 longsr than this there 14
atrong pTesmmpiive evidince that the chance of explosios Lis not tis
chance thad oas af hede pronsnses will ocour, but L{: rether the
provauliilty that a subaequeat pro.des s allowed ¢c conitinue wiv~ a%
incerrupt on., Such a conclusmion is supported oy ww relative
insenaitivity of the tevis to the energy of the projeotile and by
thair senaitiveness to the nature of the comstruoticn of the dox,
Thae high lethality of a small faat fragment appoars an.ailcus drt
is axplained later,

The most likely sequence of eveuts is that one, or more, of the
u.m...ry' pr onees siarts a cambusidicp~like resvtion which riuer

bullis up to ar. explosion or {s stopred by the dispersal of the
auitom, and it is the variativus in the auiddle stegs that producs tiw a
variation in tho -esults whan diffecent explosives are \aateld, “
Tie way fu wiich the rifle bulle: test dopends far its g
-« g Con.'idential a
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disorimization ca tiie ditfering rates .
of enziyv relsass is nNow rlascnably . |
suvivus, (onuider Fizure € in whioh I
anargy Telraze, B, is plctied >gainst '
Wae, T, A given energy relsas i
sdebary ie vievewd oa tids diagrems
&n o curve through tne origin, Three
such nurves worTasponding to Tates R4
Ry ard B are chom, (Tt la not
assune that the abapes shown ars
vorseut)e In most forms os ths teat
{§) 'Tartials’ uwres rescgniced ss well . DA
A3 'Detonationa’; ({soc called): these ~

.
H “ -

wnamd da tawale At avewer wa’l)aan
Tret Ui Tel - e —

AR 3% 2

~

.
Ld Bdutta, -

e MR aLutwe
~,

.

e

o
WU S Ve A

81 (Partial) ard Br (Detcnation).

I7 we take & tox of deiinite desiyn,
then the dursving t.=29 wuier the
oonditions of the test will ,ary {2
a staiistical manner cetween limita
?; and T2, YNow, for an explosive
corrssponding to R« 100 ,or cent.
of detonaiious alll Ye uearved slice the Ry onoryy reieass lire
veackes Bp berore T4; for X; there will De a statistical distributinn
vf ‘Purtiels' and ‘iwtonations', and for By the pricr advent of time

T2 will slwera snsura a failura,

TH5 ™ QS TSR S 5 1

L300 5 o
- M

g
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s two ocastants 4ir the exprission D - A -;nhnvo s physioal
seaning, If aQ is infimite, ezorgy is relosaed at an iaficite rete
and the iatrinsioc delay muat be gere, We ars, however, jonailering
Tiw ARl Teaw jzmaat o the ousarveiiem 7 Uyht whsn using a gtee)
box; in ba oham=vad. the light muat ges vui of the bcx, ¢ that
aither the nrotsciils mudt Zu rigus 1 or, Alte..n’lisly & e
=it appear in the iaz ltrelf', °A' ropresents this delay axd will
w6 rouklly amsbtant for all exmloz’-ez, Tt eec ohacked by the
gubetituticn of an all-perspex dux Jor the usual steel one, wing &

L 11inz o pure mitreglyscrins; the observed aelsy was reicoai, WS
+n3 2isrersjon Of i+ abvut tha regression line for delay on /4§ is o
o -nb o3 A %5 ©3 aScurately msesured by tie acperimit.

X {s mwh more interssting than A, If D~ A ida tas anl Q&
rate of eoaryy rslcass per umt ara, X =ittt have the dimsnsivna uf
sLargy per unit ares exd represent the ratto I e total enaryy
rogiirod ‘o satiely the criterion of a rire (in this case the light
flash) tn the arsa af reacting surface svaiisble, Now the s “acé
avaiianle will be 3ue iazgely tn Wa material sumttering wuler atress,
el this 3w a very complex p * u3non depsad.r3 (in the cese of &

1 quid) o viscosity and tonsils strangth, [t is interesting to
nota that =il the liquids used .« orcpile Tetle 7 have airiler
viscorities (thair tensile stvenzths are umnowmn) ard it is probable
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Comxidardial

=yuld ovesk dovm, It is: sible thit ihe Lucreesed lathality amd
the < x.,c caviiy predused o thy =zmall fust 2ragaent as opponed %o
tha rul at i3 Zue tc the lack of aerciéynamio form ani tu the trrbling

PRy & 3
noton VA ths fu".--."" uu‘}-u "“6 s 1;:-3.-. 2ons Qf isravéanmadt 14 mc‘t‘

A2 attsupt wae male to gheci thi3 £ using ‘dumedur: millstg (.6,
with the oulie urncated); the cavity was altared in shape wd the
delay redused, bu: not alzidiicantly - ia a statistioal serse.

D - e . g4 e e a sy

In we case of ww rep’ -'\
Test, the muat important
cwidence fav the avistance '\. :
of a slow crambuation etage c
ig the correlailoun Lelwewn T
wis card values and come '-
bustics data asisvrea ki
A wWassure which i very \
low (50 Awm,) comparsd with \'“
the prussures measuxred by n“ov—~—\—-- - —-

the Horkinson Pressurs ng)- i !
on the 'vap! surface. [ \ 1
(Flgure 7.) It is valike) — '\~-.~_. e
that ths pressure exponen‘as —
will Ye »o consistent that -
the relative rates of Bopkd. «ta Preseuwre Bar Keasurezsnti
husine Far @i FPeian on Gap Tesu vara stacks, (Pig. 7).
urn'l,ogivag will ha the game

L the 107 to 10% ata,,
-‘-‘-“ in Ploure 7, ac thay ace at 20 atn,, The reacvtion wiili be
atopped in the gap test ot 30 muoh by disparsal = as {2 the
oro.antile tist « sminze the tuhe 4a often recovrersd, Lut Uy ‘wwe onses
vi vAr=l<ction waves from the W, of i ML, and, wltimatsly,
throust twha 'gap! Liself "=~ tige availsile i‘m W Liduwotr~n
Period m-oLMLLY ilrucaces wiih dlusrsasing 'zags! (becuuse £ zZap iw
thizkar the rarefactions .axe® longar to enter the explcziva), dbut
wis 18 zere than off=et by 113 dac,essing nreaswe Lahiid the alock

frene,

Colide may be divided inwwo zu.2 or less purous Solida amd
homozeizus types such as cordits, Ia the formor, \is area of
roaoiing swlace ia largely detertinsy by the {intsrual structure
(4,2., by zrist ovyaetal nite, etc.); an the lavier, we have matesials
wvhich may b2 considered as liquids &2 encamous viacosity snd oor-
aidorable tensile atrength, Thess will yield vary maall .ouoting
arems (i,e,, high values of X) and their iatrinsic deloye will be

long, L.¢., the probadility of expiomion im Zow,

b
-
-
|
|

Tomve i mo & pricrt reason why ali 'gep’ and 'Frojectile’ x.:8
should wot conform to thls oohum, and scwe oxplanatioa is nenssnary

tor tha *Soale I' renults, ? theme data »' . :xaxined (Tzble 2)
hey @1 ta zssn 4~ 2all 4nbn Chwas arenria lMIt aewd §, Tl 7 in
s eile Jo Cf ‘hesa group d carreliatss with A in tie swd
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Tanner as i the materials tested dy 'Scale III', i.c., there is a
relaticn ¢f the forwm:

O e e (&)

Thet values of the constents a cad b are, however, different for tiw
WO suamisae 11 i thonght that group A has falled to acrrelnte
recause 11 cozsiets of materials which, in the adas o tubing used

ez s charge 2227, M1 feil to propagets a detoration. Since
oritezion of a 'firet is that the tube is shatteyei, ths tesx is not
srnlicable to sunh caterials whish are costaln W give aamalous
Ss3ulia. Dy roferonce to Tadle 2 4t will be sean that they 21) hawa
relatlvs’s low walusa for @ Q, the ensrcy density, and this indloa'es
1ok 3 abi VY 42 smopagate dstnnation pertiouierly in mmnil

Lok 3t abivesy 4s rwmes

2105 3278 where the energy lasmes due to the lateral expausion of
we sonfMuing tube in the resion of the reaction sone are high, The
reiacn for ths failure ia the correlatisn in materials of kigh AQ
(Le9., thoee iu gioup C) is 2078 sublle, and in same respecta more
izportant, It is known that for ‘zaps' in excesa of 50 oards om
‘3cale I' the pressure in the shock front 1s below 1000 sta, (6)
(Mg. 7)., ad that undes thess comditicns the astenation is m
longers exponeniiul of regroducivie {s peaullarily of ths carddeard
Kystcam)s Thiz, however, 1z not the whole story singe, if the
correlatiou has bssx -heyed, then with at leest two of the matsrials
card va.uee oi' lese than 50 should rave haen obtained, A probable
reason Vv the fatlurs ie that for material of high #Q the dbulld-ap
af the reaction from iiiilation is m rapid that it is mot possibls
to extinguish it by mechaxiocal dispersal. The Limit for ccatrol

319 this wa~, aist vary with the systen, and for ‘Soale I' uppears

a

t ' %avo been resahed at BQ = 850 cals,/seo.om®,

CONCLIIONS

It i, conciuded wiat there is a coxmon mashanism foo All
srpinsions in e tests desorided wisi- (i) ixitiation T a
v wntian, {11) tnorease ia rete of burning and extsnt of' combustica
aurface, (i11) a charge to detonation if ths burning suwifa~+ has a
wslz3ity ewoaadine the lonal spesd of sound, thus gepar tiag &
soock wave, It is with the probabilidy orf the third itep, dedonaty.
ar, if thas dces not ccour, the virtual o~ pletion of the secoad by
the conmumpticn =1 all the availeble material, that we are coucerned
in sensitivensss testing.

Within this general pattern ocour two modes of operation, If
the secind s%age 15 slow « dooause ol a low rate of hvrming, .ow
arary> or tco little swrface evallable for awmbugilon - thea {i wiil
Lecame imronrtant venause, being slow, it will proviade s delsy in
whigh 4t (& posaidle to “put out the fire,¥ If, lowaver, the
second s%.p is fast then evary inditiation becomes s detoration and
we mugt msasure the cumnce of iuitlation,
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It has been msen that our tex:e coxmenly méasure tha rate of
growtk, i.6., step (1), tut that in some vases (e.g., explosives
of kigh 25} .57 =tzht measurs chance of inttiaticn because in the
tout the eecond atep 13 faat, The question then =~iwax; Jo6s e
teat provide the ipformaticn reguired for all explosivas for -which
mecharioal censiderations (such as the failure of large oardboard
gaps) do not prevlude it: =:ae? To answer this qusstion, we ust
kow the opersting mechanism i the erplosion of the practival
charges which are ouwr primary soncern, The investigation of this
wtdle rot more difficul, ias m'ih ware expensive thaa the
correspanding work with small charzes, and may bte prontbitively so,
Wa have, however, some information: it ls cexrtain that if delyys
ave nnt immartant in a amell chiarge, they are oven less so in a
large one., lNo-one douows that if nitroglycerins {an sxtrema case)
i indtiated thes ia no way of stopping 14; the difficulty iz that
even with lses .ensitive exploaives, 4f they &e in the form of &
large charge, overy inltiation may Gecoms a d3torwtion simply
because the transit time of the anoock wave an! the setwrning rare-
faoctior is s0 great that, without the aid of cunfinsmict, thers is

mmple time for +.3 ‘growth' atage,

We have littls Jufarmation ¢o onable ue +5 deolds st what sise
a particular sxpioaive will pass into thia olass, Mt if the
irportance of suoh tests as the ‘gap’ test is to Do asesessed it will
have t0 be cbtaimed,

BIBLIOGRAPHY

1, FE. ®ring, Chem.Re7v., &5 _1_. 69-181, 19549.

2, R, Pape and B,G. Whitbreea, 2.3.0.%, Tech. Mewo, 21/M/5%.

3- LA, Wseman ~ Boiicvens RC?CE'Q’ 102,'.'.""'51 &

e P.0, Hoblius anld 8,c, Miithresd - B.R,D,E, Report irn proparation,

5¢ L.F. Jones - E,R.D.E, Yaport 29/R/".
60 B, Yape = E,R,D.B. Teoh, Memo, 5/K, Dire

e TRAPREE XN

Cos s
$b g3

BT@C

ot |




11

i FERACH L TR

34

A

IZAD AZIDE PRECIPITATED WITH POLYVINYL ALCOWOL 4

$5. I EEREIAL Y 12

T. Gaynor Blake
O.in Mathieson Chemical Corporation
gagt Alton, Illimed

NDonald E,. Seeger
Picatinny Arsenal
Lover, New Jursey

Richard H. Stresau

Nava. Ordnance Laboratory
White Oak, Maryland

Introduction

Although the virtues of lead azide as an initia-
ting explosaivo have lung been knuwi, ive use uas veen
somewhat limited by the hazards involved ia uncoatrolled
crystallization. Accidental exploaions which cccurred in
early ticauiLture were variously explainea in terms of
large crystals, twin cryetale and formatlon oif the betz
polymorphi, Many meteridlic have been used tor the puip.:se
of directing the furmatior of the stable alpha form during
the precipitation. ‘The best _Liown crysit 1 coatrolling
material, which 18 also the most used in the United States
is dextrin ()). Typical dextrinated lead azide cr.itains
hetween 02 and 95% lead azide.

‘ The British have used a mg‘ >rial termed

"Service" lead azide (%;, charscterized by a minimum lead
azide content of approximately 97%. The crysta. cecntrol

cf this material 1a achieved without the use of an organic
protective cclloid. Due to its higher purity, “Service”
lead azide wiil usudally out-perform dextrinated lead a2ide,
put its nandliing and storage characterisiics are less
desirable.

during world War [I, in the loading of detona=-
tors containing Service Lead Azide, some United States
ingtaliations experiencsd prohibitively hign rates of

gcenfidential
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inadvertent explosions during the pressing operations.
This led to attempts in the ciieuical laboratsories to modi-
£y thg le2d azide in ardear o reduce the Landling hazards,

wnalie maintalning the desirable characteristics of service
Lead Azide.

One of the resulting lead azides which seemed to
have Llapuoved sensitivity chapracterigtica was a sample pre-
cipitated in the presence of polyvinyl salecohol (3), herein-
after referred to a3 JVA lead azide, and having a lead
azide content somewhat reduced from tihat of Sewice lead
Azide. This material, however, was not approved for
pruduction pricr S the end of World War IT. In 1949, the
Maval Ordrance Laboratory began an investigation of the
properties of this lead azide, which led tu the discovery
of some interesting characteristica. These characteristics
include low hyzgruscopicity, an ability Yo scealerate tc
maximum rate or detonatirn in a shorter period ot time
(and column height), and a slight increase in the terminal

rate tror the s e loading pressures.

i T

Dextrinated Lsad Azide Polyvinyl Alcoaol Lesad
(75%; Azide {75X)
FIGURE I
Experimen.al

During the development of the T196E4 (MS50%) Fuze
for vae in 20 mm. ammunition, it becaine evideat thuai a dete-
caster smallier than the atandard M29 detouatur {which was
thi smallest avallable at that tiae) would be needed in
order that the safaly requirements cculd be realized. The
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pac2 available for the detonator, latar to be designated
|

the T32, was approximately .145" iii dilzmeter and ,290" long.
It was required that this d:=tonator be capable of initiat-

ing high order detonation in an ROX hocster charge acroas

o minimum air gap of .Q50",

At the outset of the development of the 132
detonator. the PA-100 and Standard Primer Mixtures, dex-~
trinatad lead azide, tetryl, PETN aund DX werc Sthe only
explosives standard for ine Ain detonators. It soon became
evideat wubl, using thesd materigle, the optimam axnlosive
*rain was one made up of PA-100 Friwea Mizture, dextriuated
lead azide and KDX. A shellac coated giidlngy metal cup,
and lcaded with these explosives produced a dstonator that
ma2t tha requirements set forth and functiuvned satisiacto-
rily in fuzes. However, since the critical weight toler-
anc2s required on the charges of explosive of this detona-
tor could not be held in mass orcduction, the detonator
fajled to saztisiy the nesd. In ordss: that such a amall
detonator cou.d pe mass psocduced, it was necessary to look

for more zfficient exp.csive materials.

Information on the availability of new explosivea
and explcsive mixtures sugzested two paths of solution %o
the probler. One involved the use of a more efficient
rrimer mixture; the othus the use of a more efficient lead
azide. This provleuw Was finaily resolved after axhaustive
investigation and aubsequent adoptiorn of the NCL No. 130
Primer Mixture. It was found that as little as 5 mg. cf
*nis primer (comparcd with 25 mg. of FA=100 Primar Mixture)
ia namiiped t9 initiate dextrinated laad azide reliubly.
The quantity of primer mixture usad in thiz dellinator waz
thierefore cut tu approximately one-haif the amount origine-
ally used. The space made 2vailable was usad by increas-
ing both the dextrinuted lead 7 .lde charge and the RDX
charge. This detonator, designated originally as the T42E]
Detonator and finslly standardized as the MUT Detonrtor has
been nuiss produced with little difficuliy.

During the inveatigation of “he secoind possible
solution € this problem, 2evera)l new tynea of lead azide

o\t e

were investigated. Among these was the Polyvinyl Alcohol
(FVA) lead azide. Mcdifisd T3Z Detonators loaded with this
lead azide in place of the standard dextrinated iead azide
proved to e far superior from a functioning point of ‘lew.
Figuren II, III and iV show resulits ol T32 Dstonator
ghellace conted gliding matal cups loaded with 20 mg. of
PA-100 mixvure and the intermediate and hase charges as
notad. E2znh charge was consolidated at 10,000 p.s.l. As
noted, the space avaiisole from the decrease in the lead

azlde charce was fllled with base charge.

9l Contidential
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. guantity  {(me.) Hole Size {Inch)
NS oy PEIN #Tested HO IO Ave.* Max.  Min.#
2 100 30 50 50 O 227 248,209
> 32 34 50 49 i .2%3 250 L.10s
e S0 38 50 37 13 Weav 237 .203
&4 40 50 ey 25 .22 237207
Rl g0 %] 80 23 17 .220 250 .189
i g iy s3 30 =0 .230 RO 20t
(5 {0 46 5Q 33 17 .232 261 v200
= he 43 o} i 32 227 DL8 200
= &3 51 50 o 350 - - -
s 5% 5 50 o 5S¢ - -
& 100 °8 a0 50 o .229 243 212
sy 95 32 50 50 0 .233 250 .24
i 90 26 50 50 0 .233 £51  .213
= 85 40 50 50 0 227 252 187
== RC 44 50 26 23 L.2i8 Q42 A7
== 75 40 50 o 58 - - -
: 70 48 0 0 50 - - -
’ €5 50 59 0 50 - - -
60 %2 50 0 50 - - -
e 55 52 50 0 50 - - -
N
] Pigure 1Y
. .
A PSN6  RDX  fTested  HO LD Ave. Max.  Min.
gg 80 45 50 50 0 .258 .289 .233
= | TS5 b &0 70 S 258 278 .231
3 70 sl 50 50 0 260 281 237
, 05 54 50 50 0 .26 284 .237
2 55 50 50 hg 1 267  .306 5
= 50 61 50 Lo 1 264 203 212
a i 62 50 49 i .266  .233 170
§ Figure ITI
Similar teats were conducted in a modifisd Ticad 'S
Druonator. In this case the shellac coated giidlig metal o
eups warc lcaded with 12 mg. of NOL No. 130 Primer Mixture, M
lead azide and RDX a3 ncted. Each chargs wWwas consclidated a il
%g at 16,300 n.s .4, .
B 95 Confidential M .,
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#rested  AHO  FLowe

45 L5

] e he
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43 hg 45
ha he 4

52 45 28
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212 232 .77
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* Tow order dctonaticn not included in hole size.
*+#],0w order - no hole in lead disc.

Plgure IV

A8 can be aecen from the data presented in Flzu.-es = 3
1XI, IZI and IV, PVA lead 27ide 1a twice as efficient ac an N 4
intermediate charge for use ir small detonators as the :
standard dextrinated lead azide.

i
@
E%; Under Project "Jacikstraw” one of the appreaches
] to the problem called for the desigh of a very swall stad
ﬁ;i tyre primer-detonator having great scluitivity. Thls
= detunator was to oscoupy a space having a dlamster of .15
and an overall height of 1.40". Moreover, there was a
section at the base of the cylinder which had a diameter
neck2d in to .090". '‘T™is detonator was required to initi- -
ate high crder detonation of gn PDX-Hyatrene {98-2) icad
across 2 .M3%5" avr gap., Because eariier fuze design wori
on this task had paes=n carriad out with ths M26 primer
vhich appsared to have almost the deaired sensitivity, the R -
!g “irst off~rts were toward increasing the initiating abil- '
ity of the M26. It was very quickly found that neither
the senslitivity aor the required initlating ability could
be achleved.
M.
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The succesaful appraach was made as follows:
Jsing the cup described abova and holding the initlalog
ccnztant at a value considered to be well above minimum,
Lile Lase charge was progrefsively reduced to determine the
minimum quantity which would give the initiating pover re-

quirsd.

In cxder to eliminate the variables azscciated
with sensitivity and firinz pin shape, the lead azide
charge was subjeated to the apit of a saction of safety
burning fuse. DBecuuse with the smail guantiti=s of explo-
sive the degree of confinement provided by the test fixture
was considered tc be extremely critical, ic was decidcd
that measurements such as plate indentatiorn should be
avoided and the vest shots would be in fuze rotors which
in turn would Cire rthe noriial lead and the ability of this
lead to propagate to a booster would be determined by hav-
irg the lead shoot a small sample of Composition=C con-
tained in a wood block. RFigure V, Drawing A-2 shows this
test fixture. 1This proved to be a very noisy test and the
wood blacks wer:, of course, completely demolished when a
high order detonz2tion was achieved. On the other hand, it
elimina“ed any possibility of misinterpratatica of results
because the Composition-C, in those cases where the detona-
tor was sub-marginal was merely scattered around and the
woud blocik wa3 not destroyed. AL thie nime three hase
charge materials were under consideration, tetrvl, PEIN and
RDX, in the belief that small diffsrsnces in their sensi-
tirity to tnitiatian and antnut mioht he significant in

achleving a workauls sycstem.

Having detarmi-ed the mirimum quantit; of Saa
charge, this was held constant and the minimum lnitiating
charges, both of dexirinated and PVA lead azide were
determined. 1In this ca:e it was found that less than 30 ng.
of PVA lead azide would initiate the base charge high order
whereas 55+ mg. ¢f dextrinatad azide were r« quired. These
data were plotted as ¥ fires vs. base charge.

Nexi the miiimun quaitaty of priming aecessary to
initiate tha lsad zu'de satisfastorily was deternined holde
ing the azide and base charge conastant, at a value ahove
the minimuz praviocusly determincd., It was found that ae=
little as 5 mg. of NOL No. 130 would give relishle initia-
tlon of the system. Thiz determination was made using the
233€Moly shown in Figure VI, Drawing A-3 which re-intro-
duced “he problem of input energy now that initiator and
base charge had been removed from the area of suspicion.

The 10C#% firing valuaa for charge weight were
then calculated in terms of inches of column height in the
dstonater, and were plottad in ceims of base charge vs.

97 Confidential
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100% FUNCTIONING CURVES
Base Charge Ccluin Helght vs. PVA Azide Colum Height

.A70 - g ’ |
X H
260 g .‘ ‘-wcn.xuuxu
\ 1
- \
.0504 @ \ L1 —TERI
4 \ \
A
|1 \
.0304§ W\ oi%%
| = \\
}
oOZOjI E 90%0 \\\
Nty o —_— NI
90% PETN ™~ R

=

ve020 ,020 .0LC 0.0 050 .07u 080 .090 .10
COLUMN HEIGHT (inchea) PVA LEAD AZIP:

VARIATION OF INITIATOR VS. RASE CHARGES FOR

1004 FIUNCTTONING WHEN TESTED AS IN SKETCH A~2

THEZ FPOUR PCINTS WERE ESTABLISHED IN TEST
ASSEMBLY A«3 WITH COMPLETE DETONATCRS

igure VII Drawing A-l
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initiator in ihches., This g2 2 the curves shown in PFlgure
VII. Drawing A-l.

All of ine puleuvlaliy useful values for column
he’ght of initiator and base charge f21ll above the curves.
The area below the curves gives unrelianle furnctioning. A
gtudy of the tnlerances experiencel in prosuction icading
then permitted the geleciion 0i a pHAint above the curves
and yet within the totali lengun i utine detonalor whlch
would permit the ncrmal variable: 1lua production (i.e.,

chiarglog of iead asidc and the bagse charge) witheouf zatting

outside that useful area.
™e final lcading recummended for produciion was:

pase Charge, Tetryl .010 grams, PVA Lead Azide CAO grams,
and NOL No. 130 Priming .0l5 grams, permitting considerable
safety margin, pevrcentage-wise, on each charge, whereas the
volume avallable did not permit an acceptable design using

dextrinated lead azide.
Althogh not discussed above, it is interesting

to note that a conditicn of dead pressing of tsiryl wa
experienced in several of the experimental detenztors in
which the lead azidec charge was marginal, such that a de-
crease in loading prosaure from 25,20 p.s.i. to 15,000
pP.3.1. caused an otharwise identical desizi. to change from

100% frailurcs tc 10CY nigh order detonations.

A numnher of fuze designs hove been bullt arcund
an electriz dctenator of about the size and input charact-

erigvics ¢f the Mk 124 Potn:r. Ao its name implies, this
item was not originall designed 24 a detonator, However,
it has been found to function satisfactorily a3 a1 detcna-
tor under certain 2ircumsatances. These circumstances are
not prevaiang in all oo Yne proposcd designs, 30 thnat the
prablem arouse of prcducing a detonator of the same dliaern-
sions but with greater effective output. 0.¢ expedient

which was suggested by 8. ¥clodny of the Diamoné Ordnarcs

Puze Laboratories was Luat of laserting o steel waznes ot
the beginning of the explosiv< column tc increaac tne con-

AV o s o o bo A o T, L
finement and promcts the growth of dstonzticn, Anothar

wés the subaticution of PVA for dextrinatea lead azide.

Special detonators were fabricatad from Mk 124

Frirer parta. Th: detonztors weid dividzd inu. two groups,

2 ¢onfineg Zroup AnG dn wicvns Liea goauup. Sach FToup had
Lt series, one w:.th dexirinaied lead azide and ULic other
wiuh polyvinyl alcecticl lead azide, as intermediate and
f13sh charges, Firjurec VIII and IX. A2l four series had
23ga charges of PETY, Memhang of each series were loaded
with various amsumts of lead z2zide and PELN and the output

‘
L)

0t each item was chruained using the dent test. (L)
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The results are plocted in Flzure X, next page.
It will be noted that the daxtrinate? lead azide, uncon-
fined, gave no measureable cubtpuy Wien only Tive melil-
ZrAama wers daed and izt chie maximum for thls serivs was
that with forty mi.ligrams of lead azide. The effe:t o0
the confintig disec upon the shurter ccoclumna of dextrinated
1zad azlde 18 aquite dramatic. 1in contr.ot. the PVA lead
azide detcinators without the confinesment were nore effect-
ive than those with 1t. In this case appareaily, the
principal effect 5f the 3tesel washer wag that of displacing
SCME wAplUDLYE,

Other Properties

) The Lwe ouistanding features of PVA lead azide
are {2} the atlilly of sawall charges To initiate RDX very
efficiently and ’‘b) its pressure density relationship 1s
auch that a quantity {(by weizht) ol PVA lead azidec can be
pressed into a smaller volume than the wame quantity of
dextrinated l1-ad azide consolidated at the same pressuirc.
In very smali .Jdetonatcrs, this latter feature is almost as
important as the former. The follewing table shows the
presauTe density relationsiiip ot dextrinatea and PVA lead
azlide.

Q
£
e}
ar

tres ~Density Jlelatisnalilp of
Dextriuated and MVA Lead Azides

Densiiy g, /ec
Preasure of Ccnsolidaticn Nzatiiratad Ty
(p.s.1.) I1naad 8210 I~ad Azide
3,0CC 2,62 3.31
5,0CC 2.88 3.51
9,000 3.27 3.35
12,88 3.8 3.6%
15.000 3.14 3.8
20,C00 3.27 3.8
25,000 3.30 3.H4
30,000 3.34 .94
Figure XI

The incraaged gbil it of FVA leed 22'1e ag an
initlating explosive does not show up in the auantity of
sard crushed in the sn-called "Srisance test'. S4x hondwred
miiiigrams ol beth Cypes of lead aglde crusned an average
cf approximately 25 graxms o sand.

A third interesting {eature of PVA lead axide I3
that it 18 practically ncn-hyg:ruscopic. The moristure
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picked up by a typical lot of lextrinated laad azide is as
folliows:

% Increase in Weight of

Exposure Period Dextrinated lead Azide Ex;ased
{Houra ) to 408 R. H. at 30° C.
1l 00:§
2 (A
E 0-6'0
0.6l
2 .00
0.71
i 6.7T1
23 1168
.05
a8 1.16
120 1.17
Mgure XII

By comparison PVA lead azide when exposed to 90%
R. H. and 21° C. picked up only U.03% moisture before
coming to constant weight. It was found that moisture
content of the lead azide used in the 132 Detonutor was
critical. When dextrinated lead azide containing more than
o 7% moisture was used, a large number of (low order)
failures of the detonator was experiencsi.

Results of stability tests indicate that FVA lead
azlide 1s a stable explusive. uaboratory tests ii.volving
the determination af welght lost and quantity of gas
evolved during prolonge(. heating sacw:

Loss in wt. on hcating at 1000 + 1°. nﬁ} Ave.

for 8 hours. (in duplicates),® . in
Quantity of z&s evolved frem at 100°C., a2t 120°C.
1 gram of sample durdng 40 hra. N =0.4%

(Vacuum etabl licy test) ,ML

In additicn, results of firing tests on modified
T2 Dctonafora containir; PVA lead azide, as ti.- initiat-

Do ® .
g clhiarge, during storage at T1%C. over 2 pomisd o 12

months inc:cated that taia explomive 18 stable and 2cm-~
pativle with the other ingredients which make up the Jet-
onator.

At the present time the Ordnance Coips will per-
mii the use of PVA lead 2:3idc in explesive crains only
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where 1t is not f2asible to use dextrinated lead azide.

The resiricted use of PVA lead azide is attrihuted to the
presence of log or lath shaped crystaleg having dimensions
ae great as W4 mm. Pertaining to the sensitivity ot lead
azide as a function of the cryatal size, Tenny L. Davis
statea that "[ne sensitivity of lead azide to shock and
friction increases rapidly 23 the size of the particle in-
creages. Crystals 1 mm. in length are liable to explode
apontanevudly because of internal stresses within them."(5)
The (Odnance Coxrpu to the present time has specified that
the lead azide to be used will contain no nesdle-=lilke
crystals exceeding .1 mm. in length. Considerable amount
of wark has bhean ¢onducted to determine if the larger crya-
tals found in the PV 1nad acdide wender ¢h2s malorial une
duly hazardous. To date no significant difference between
mpast sensitivity of the standard lead azide and PVA lead
azide hag been found,except where abrasive is present.

Several references, one in 3 recent issus ui
Nature (6), however, state that the ideza that large crys-
tals of iead azide a-. always excessively sensitive to
=hoclk or friction has been widely received, but seeas to
have little foundation.

Regarding the possible presence of the unstable
beta form arystals in PVA lead azide, X-ray diffraction
patternc of both the dextrinated and FVA lead azide were
ootained. Examination of thege natterns indicated that
they were ldentical.

Plgure XIIT following preaents datua showing typi-
2l lapaci, stat and hot wire sensitlivities for PVA lead
azide and dextrinated lead av.ds.

Discussicn

The growth of detenatior in most explosives in-
volves 3 pericd of burning, foliowed by a low velceity
dutonation phase, and finallg stable datonation. The out-
standing "nriming efficiency’' of lead azide among common
primary explosivses is uvndoubtedly related to the extrems
rapidity with which it undergoes this process. The burin-
ing phase whichk is quite visible in streak camera phc'o-
grachs of incipleni uetonaticn of most explosives 13 rnot
generally observed in leusd azide. (9)

Ti:is bzr-avior has inspired the idea that the
mechaniam ©{ iniviation of lead aszide and explosives which
behave wiwilarly is cdiffsrent rrim that of other exnlogsies.
darner (1:); has provosed 8 mechaniasm involving a cliain
m2action and has soncluded that the decuwpunition of two
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acent moleculen in a period of ten to the minus 13

iR ad}
%ég seconds 13 suffieient ©Co stur: a sgherical weve of reac-
g%ﬂ £104a vinlch: may developn inte ot evplosicon, He also con-
;iq cindee that the probability ol this event :in normal intti-
g@; aving conditions 18 sufficilently high to account foui the
nal
'i-p,l‘
o Figure XI1Y - Scnsitiviey
N |
R | FVA lead  PVA Lead Dextri- Dextri-
e 4zide Azide nated nated
S Lab Sample Plunt Samble izad .Rad
i NOL  X-133 X=-214 Azide Azide
= Iagaast N X-73 Yot &u
% -
. Type 3 tools. .
i3 Egjs kg wt.) H 36 cm. 55 cm. 33 om.
{
Tyve 12 toola ¥
g gsgo gn. wt.) 9 em. 28 cm.(8} 20 om.
P 8
“%f- Typ= 12 tooln
(1 kg wt.) 3 em. 14 cm.(8) 8 cm.

g Type 12 tocls ¥
=) ?2.5 kg, wWe.) 2 cm. 10 em.(8) 4 cm.
= Troe I fnols
% (2.5 kg. wt.) 5 em. 21 cm.
Y As a component
oy of primer mix (7)
£ Suan

As a component of

a priming @4 in %.61 in. 2.25 in. 2.2 in.

M 102 primers
g As a component of a
e a™iming mix in Mk 28 4.5C in. 4,63 in.
,‘:_‘ 3 detonators
= As a component of a
= priuing mix in Mk 44 2.3 in, 3.42 in.
o ‘ datonators
4]
& Hot wire 0,00027" dia. wire
g 1032 eroa 1288 erzs
Samd Hot wire 0.0001" dia. wire
;g 222 ergs 257 ergs
§ FIn type 12 tonis the axpluyive is placed un swadpaper
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initiation of lead 2z!de. Eawuen ana yaffe, (11) have ex-
preased the opinion that lead azide may be initlated by
tribochemical excitation. The hot apot mechanism of initi-
ation, the broad applicablility of which nas becn estvao.ished
ty Bowden and varicus co-workers, {9 ), (11} and (12) may
also apply to lead azide. Tre rapid acceleration of the
action of this material may be the result of its high melt-
ing poinrt and mechanical strength, both of which are soa-
ducive to the fcrmation of hot spots.

M™e transition from a iess vigorvus reactlon o .
detonation depenas upon the a2cceleration of weaker reac-
tiona and tha ranaamiant dsvalanmant Af atrong shock wavaes.
In all of these incipient reaction processes which have
been proposed as pecullar to lead azide and similar explo-
sives as well as tne more common incipient burning, the
condiiion ¢f the surfacse of the girains and crystals is
important. A coating of a fcreign malerial can serve as &
barrier to retard the propagation of burning or chain ree
acticons or as a cushioca and lubricant ¢c reduce crystal-
line stresses and intez-crystalline friction. The effect
cf an impurity upon the propagatisn rates and acceleration
of such reactions may be much greater than would be pre-
dicted on the baais of dilution, and may be expected to de-
pend strongly upon the nature of its distribution as well
as 1ils propertiss and concentration.

Eaoh individual grain of dextrinated lead azide 1s
an agglomerate of perhaps a million crystallites, Pigure I,
whlle each nariicle of PVA lead azilds is an individual
viystdl, usualiy several Times as lcng as it 19 wide,
Figure I. It i3 inconceivaule chat PVA l:iiud azide could
be consolidated by prassure without breaking many crystais
and expnsing a large mmher of ~lean surfscea. The cOne
solidation of dextrinated iead azide by redistridbution of
the crystallites within a dextrin matrix would appear
possible. The exislence of clean gurfaces <f explc.ive
could ba very cecnducive to the operaticn of some ¢f the
propagation processes mentioned above. and might help to
explain some of the differences in pecrriormdance ovetween dex-
trinated and PV3 lead azjde reported above. Detonation
may be defined cs a selil propagating explosive reaction in
which the controlling mechanism whereby energy o trans-~ i
mitted from the reacted to the unreacted explosive is “hat
cf a hydrodynamic shock. The paramatery of stable detona-
tion, 1liicluding 48 propagation velocity, are determined
Ly egquilibiium conditions at the end of the rsaction zone,
in which the losses of materiz2l exactly balance the influx
due to the propagation of the wave into virgin explosive
and the 1oRsea of energy exactly halance tha aum of the
thermal a:d avallable chamical cnerzy of the unreacted
material overtoken., These conditions ars affected by the
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reaction race only o the axblent that 1t affecta the

geametry of the reaction zons and the consequent deviatier
from cne diransional fiow in this region. 1he design of

most explosive cowponenna i3 a3uch that thi~ deviation 1z
11 zsizleration of detonation from 3 lower

ﬁu&c‘ gmAi L. q..-: —we Tdled v VA was

rate to the atanle rate requires an increase in prusaure in
the wcacticon zone,; and depends upon the rate of this ian-
viwasé., In turn, iucreas:s in pressure devends upcn the ex-~
dea3d it atther the material infiux, the energy liberated by
thn reaction, of both over Lhe lusses from the reaction
zone, The growth cr destonation may be expected to be close-

amae a4 m wa o

ly depandent upuin ths resacuvicn rate,

The surface burning modecl has been shewn to ex-

plain obaervable pnenomend a2ssoclaied withh the dstonatisn
Detonation of various explosives,

of solid explosives. {13)
includ*ag 1=ad azide ﬁs hag been observed wherein the
proragation rate 1s so low that the temperature necessary

for rapid reaction is attainable onlv by concentrating the
heat of compression at “hiot spota” whether the hot 3pots
rcsult from inteperystalline zrictxon or compressive heat-
ing of interacitlal gases, the presence of voldswis impor-
tant in the formation of hot spots. As the percentage of
voids is decreased either by filling them with anoiher
material or loading the explosive at a higher density, its
structure becomes more »igid and the shock pressure neces-
sary to Jdisrmupt it becomes greater. Fallure of the struct-
ure, of course, is necessary for either intercrystallins
friction or appireciable compression of the gases. Thus,
the propagetlion and acceleration of weak de‘onation 1is
directly related vc the proportion of voids in the material

tarough which 1t is prepagating. (13)

™o rarid seceleration vl detonaticn in lead azide

may be attributable to the fact that under normal loading
conditiony, londing preasures velween ten and twenty
thougand peounds per aquare inch, a charge usuzlly contains
wore than twenty pervecent volds. 1In conside~ing the affect
o organis 4mp'__n4 tiss upon lead azide, the large density
difference must be kapt in m‘nd. The eizht persent v
welght of Ampurities which i %ypical of dexirinuted iead
azide furnished under United States military svecifications
(1) would amount to over twenty-seven percent by volume,
if 4t were all dextrin, and would reduce the voidless
deio ity ts 3.7 grams per cubic centimeter as compared with
4.8 for pure lead azide. What might seem a cnali weight
percentuze of organic impuritiss muy be exgsctsd e have g
rcnalderable effect upon the rate at which stabie detona.
t.on ig approached in lead azide.
" ™e term "void" 13 used here in the sanse of the absence

Af '{quid or s0lid material. The presence of baccs is,

ol course, necessary for one of the m=achanisas propuisd,
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» thie iaitilatlon and growth of atable deto-
nation in lead 2zide 13 a process aimilar to but faster
than ¢hat in other oxpleog'ves or 2 unigue procesa, the time
and material expended in the process can be expected to be
iafluanced by lmpurities, particularly Lf the impurities

coat the particles of lead azide.

Measurements of the Detonation Priperties of -
PVA and Dextrinated lead Azide

The velociities of voth PVA lead azide and uextri-
nated lead azide were measured for columns 0.2 inches in
diameter neavily coniined in Lrass. BEach veloclty was
measured over the second inch of a two inch long column,
The results are given in PFigure ZIV.

Pressure-Density-Velocity Relationship
of Dextrinated and PVA Lead Azide#®

Loading Preaure PVA Dextri.ated

p.8.l. Lead Azide Lead Azide
Density ~ Dec. Vel. Density Let. Vel.
gm./cc. m/sec. gn./ec. m/sec.

4,006 2.99 4o6C 2.60 3800

16,000 3.45 3620 2.9? ﬁ}3o

32,000 3.77 30 3.3 100

64,000 3.35 53;0 3.57 4880

FPigure xgV

Note that for equivalent loadiiy pressures the
detonation velocity of PVE laad azida is subatantially
higher than that of Jextrine~d lead azide, but that, for
ggquivalent densilties the cextrinated material detonates at
a slightly higher velocity. An increased detonat‘cn vel-
ocity for ziven density with the addition of a d.luent to
an explosive may be expected where tine decompceition pro-
ducts of the diluent have liower average molecular weightas
than those of the explosive. Some inveatigators (15) have
ovbserved slightly higher detonation velocities in Composi-
tion A than iu RDX for equAal densltlea., In the manufact-
ure ol detonators, the density 1s limited by the loading

pressure which can be used, so tnat the velocitvy at 2ine
AP wmAava 318" finnn

- e s

wleV o cak deta F - ~ A
avac witii a E.A.'v'éu .sG'dGiﬂS y&ﬂﬂswu :‘bu Ve siwaee wilgance.,

3ince the shoch pressure associated with a detonation is
nearly preportional to the product of the density and the
square o7T the detonation velocity, the detonation pressure
of PVA 1sad azide which has besn pressed at 16,000 p.s.i.
is about Lalf again ac large as that of dextsiinated lead
*Diffaprences in values in F1§. XT and XIV are in iiae with
variations 1n unpresscd denslty and loading components.
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ac¢ide loaded at the sane prec.sure, Thie difference 1is
suhatantial, Lui aul sullficlaant o account for all cft the
diffarence in performance which has heen ciserved betweean

Sem  Admm omom oo

teud aslde manulactured by the twWwo processes.

The possible influence of Ilmpurities upon the rate
of growth of detonation in lead azide has been discnssed,
M experiment which miy be consldered to be cvidence cf a
difference betwean the two typec ol lead aside 1nvolves
the measurerent of functioning tines of elactric detona-
tore., Mo groupe of detonatara were made which were simi-

lar ezcent that the flagh charge, that charge in direct
Soatuct with the hridze wire, was dextrinated lead azide
den dolar mieleacs Mbmmm Anta.

in one cnse and PVA lead @zide ia the othar. Tucsce Qste
nators were fired by the discharge of a 0.2 mf'd. condensor
chaiged to varicus veltages. Tha functioning times were
measured 5y mears of the vacuum thermocouple timer.(18)
The results are given in PFigure XV.

Punetioning Mmes of Detoratcrs
Plash Charge Material

PSP ¢ i o W
Mring Voltage Les zide ad Azide
o1ts {MIcroseconds ) (MIcrcseconds )
40 ‘.400 - 8.0' 1.95 - 2‘“’
140 3.8 - 3.12 145 - 1.9
35¢ 2.5 - 3.88 145 - 1.75
700 2.15 - 2' 1.25 - 1075
1400 1.50 -~ 2.55 1.28 - 1.%5
230:" 1050 - 2002 1‘3 - 1 050
* Snread of four to eight measurcments.

Figure XV

It will be noted that the detcnators with “vA lead azide
fuacticned mere rapidly at each voltage and that the Ju:
trinated lead azide showed a poogressive decrease in iune-
tioning time with increasing .vltage while the PVA leacd
azide changed hardly at all except at the lowest voltage
uged., Taken by itself, this cata might be taken to indi-
cate that the detonators loaded with BVA leud azide were
much more sensitive. Measurements of thc minimum firing
ernergy, howevar, fall to hear this cut. '[he ohergy re-
quired for fifty percent firing of the detonsturs with the
dextrinaved lead azid2 flash chargss was found to be abou!®
1300 ergs and that for the PVA lead azide 1400 erzs. Thalc
iiTerence in energy requirement is not statistlcally sig-
nificant. Note thai the energy used in the time z=xperi-
ments raoged from 1600 arzs up. The ditterence in the
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tiues must be aitributed to thie difierence in the rate of
growth of detonation in the two maierials. The messured
funsticining times for the PVA lead azide are quitc cles:
to the time wh' ch a detonation raight be expected to re-
guire to traverse the distance bctween the bridge wire and
the probe used to detect functioning of the detonators.
The difference in functioning time betwe2n the PVA and
dextrinated 1:3d azides ia obviously much more than can be
accounted for on the basis of the difference in their
stable detonation rates.

R AR

j ot i S

If this time data are considered in conjunction
with the outmnut data of Figure X, it hagomes quite appar-

ent that an important difference betwesa PVA lead aziue and d
dexirinated lead azide is in the rapidity with which they
grow o detvonation. ‘The lack of any improvement in the PVA A

lead azide results can L. considerec evidence that this
mate>ial builide up to slable detonation so rapidly that
1ittls 1s %o e gained by confinement of this kind.

than VA 1cad azide.

A sign!ficant Qquantity of explosive is expended
in this growth process. The explosive consumed in the
growth of detonation is less effective in initiating the
subsequant charge than that which detonates at Lne stable
rate, ¥For these reasons, ard oecaure it can be consoli-
dated at higher densities, TV: lead azid~ 13 appreciably
mere effcetive as ar inttialor, particularly where space
is at a premium,

Conclusions
From the foregoing, it may be concluded that:
Dextrinated ead azidc grows to detonation more slowly
]
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THEKNO-HYLRODYNAMICS AND REACTION KINETIES IN SGME
METALIZED LYPLOSITES

ABSTRACT

Exporiménta.l vuocity-dtuotor curves ure prezented for 80/20
INT-AN, 45/30,/25 HBI-TNT-+1, 75/25 HBX, various mixtures of AN=Al ran-
ging from pure ammonium nitrate to 60 percent AN, RDX, and 95/5 RDX-
boron. Velocity-danzity relatlons are cresented for ail except tue
last twn explosives. Weve shape vs. diameter measirements f»r the al-
uminized explosives are also aumnarised.

:-r“‘.'."“

ywsa

’.‘gif‘-‘

Results show tbat the Al reacts toc rapidly for ==tz to %2 2

. real limiting factor in TNT and RDX-Al mixtures, but relatively slowly
.n the AN=Al mixtures. Ths familiar propevties cf the high teaperature

axplosives are atuributed to the thcmd;unics of A rcactions in

wnich th: 51.002)/A1505(c) ratic is appre=izble in the dotunation wave
and nnghgible o8 far as the maxiwuzm avaiiable work integral A = Sudv
is concernsd. The change of thia ratio from a high value in tho Jeto=
nation wave to a lovw oae later za gives aiuminired explosives low
"brisarce' but high blast potential. Praliminary resulis siggest a
similar effsct for boroa.
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T™e iAN-Al mixtures were shown to t: rone=ideal cver the entire
Taige of conditions studied. Reaction rates in thezs mixiures denen!
on the particle size of both the AN and tie .1, Ther seen ¢o be Cua-
trolled by mass transfa, which leads to ancmalaus D(pl) curves showing
4 maximpe at a relatively low censity around 1.0 to 1.2 g/ce.

INTRODUCTION

The studiea smumarized in this article reproaent investiga-
tions desc.iced in three tecnrical reporis (1,<,3) on this project in
additicn t~ work not previously rerorted on the variation of velocity
with density in AN=-Al and AN-IWT and preliminary vaelocity vs. diameter
resulia for 95/5 RDY~hoyon, 'Tha gtudies of siuminized exvlosives
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1ncludd rether weaplete investigat. cne with 80/20 TNT-AL, 45/30/25
RD‘;:-T&T-:‘\J., and 75725 HbX togsther with various mixtures of ammunium
nitrate (AN) and alumiraus ranging from zere to 40 Darcent Al.

Aluminized explosives are characterized in general by rela.
tive’ - “ow "brisance" tut high (underwater, open &ir and undergreund;
bla. .otential. The low relative "brisance” of alumiuized exulosives
has been attributed in the past to incomplete reaction of i1 at the
0=J piane and the hish blast potertial to after burning of aluminum.
Early shaped charge studies with torpex and other aluminized explosives
ixtoreratod 4n lizht of Lim vLswsved linear variatiom oi hole voiumes

sdused in usilform targets with detonation pressure ir charges of con-
atany gevmetry and conatant cones using C-i-N-O exploaives whers detc-
nation pressures could be romputed unambigucusly,(4) indicated that
alumdmum acted effectively as a diluont as far as shaped charges ave
conearned. Hore caraful studies of this nature carried out in this
laboratory saowed, however, that t“e effective (or 'measured’') detona~
ticn preasure¢ in some aluminized explosives wers evnn considerably
lower than one can aacount for by mere dilution with an inert additive.
Moreover, extensive velocity-diameter studies showed that alumimm re-
acts very rapidly 'n tritonal and HBX, diameter eflects disappearing
in relatively small disueters. These results described below brought
out that an oxplanation of the behavior of slumimm in tritonal and
HBX was to be found not in the kinstics of reaction of alumirnum but in
the thermodynamics of alu=inum reactions.

A careful study of the thermodynsuics of various alumimm
products was thervfo-~ carried out and results showed that the possible
detonation product.s of alumimmm in C-H-N-C explosives were Alzo(g),
A10(g) and Aly0q(c), (g = xa8, o = cordensed). aipproaluate constants
were 2saputsd fiou statistical zechanics from which the distribution
of aluminum in these Lhres n-oducts coui+ ce computed apmrodciizly by
inciuding these equilibriun constats wicng with others applicable in
C-H=N-0 explcsives in ths computztion of tue tisrad=hydrodynemics of
2luminized exrlosives. Al.lj apparently Aecss pot 230 in the vapor
phase. {Laber computations showed that AlO is also unimporitant at
least at low oxygen bolance.) The results of the th rmo-hydrodynanic
s deelsbions incorporating thes: squillirium constants for tri‘ozsl
and HBX were very enlightening; they showed that the ratio AL 0(g8,/
A1203(:) was larye at low densities wad did nct reach zero even at the
maximm possible densities. Moresover, Ly reserence to the empirical
(unive-sal) a(v) curve, it became evidert that the velocity-denaity
curves c¢f TNT-Al and RDX-TNT-Al mixtures should not be linear as in
normal C-H-N-O explosives but should show considerable cirvature. This
pradiatden can lobar vorifisd vy viiciliy D ve. densily py wevowemenie
in ti.eee exrlosives. The recsults of these studies therefors appcared
to give a satisfactory explanation of thie characteristic bshavior of
the asluminized explosives HSX and tritonal, presented later in the
dis.ussion,.

It was expectsd that the situation would be scmawhat differ-
ent in oxplccives cf higher oxygen balance. To study the siumimm
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reactions in dctonation at high oxyge bslinces therefore various AN-Al
aixtures were studied. xnem-mmmmc calculations in this cass
showed that tiie retio Aan(g /A.I.zo (¢) should be negl igirls up to 15
percent Al, owing to the re.:.auvu,y iow vemperaiure oi vieow mialuivé.
wWhile ‘t was expected that A10 would become impuirtLant, contrary to axe
nectalion the caleuiated ratio AlG(g! /Alzo"" mored naglisihle aven at
the h:shest oxygen balances studied. Howevsr, thin reault. renains un~
certain since the calsulatsd equilibrium constante may not ts enffie-
ieatly reliable to insure the sceuracy of this conclizion. While the
rate of reaction of Al in tritonal and HBX wuz relabtiveliy high, it was
relubively sivw in Lhe AN~Al miatures. Inceed, the properiies of “nese
wirxtures were found to depend critically on the rates of reaction of
both AR and Al. Sample thermo=hydrodynamic calculations for the above
three series of explosives are givan in Table I.

Whiia Al has great practical imrortance, ather metzls are
alno of considerabls interest in explosives. Studies of metallized
explosives being carried out at the present tise thus have as their
objective the elucidation of the oehavior of thess metals also. 7
date only preliiminary stvrdies of boron in RDX have been carried out
and are summarized nere.

The experimental resulits obtained in the above studies are
sumarized in this article together with a discussion of the behaviur
of alumima end toron in the explosives studisd. Tn asddition to the
velocity-diameter (n(d)) and 'elocity—density (D{p1)) studles carried
out in cocnnection with deteminationa of the r-.-ac.ion rates and thermo-
hydraodynamice <2 ¢he aluuinized explosives, extensive measurenents
of wave shups were also carried out. These results are also sumnmacized
in +thiae articla.

EXPERINENTAL

5{d} Curwes for Tritepal and HBY

Velocity~dia' eter studies of cast and locse-packe . 80/20
T-AL, cast 75/25 HBX, and loose-packes 45/30/25 RDX~TNT-Al are pro-
santed in Fig. 1. Velocities were mezsured in these amd cther cnzes
descrived here by pin oscillugraph (5) and iotating airrer causra
methods. (8) The chargcs all had a longon/m.noter (L/4) ratio of six
or fore. Thay were contained in thin-walled {larger diameters) or
alastxc tubes (snsllest dianeters). Denaities were measirad in sea-
ples of tne cast chargeﬂ hy qao‘homng than. Tney wero fou.;d to lhow

- o Add .
com :u\-sn-a. and rnu-tu uuuoa.u.’ ;4u.u-u¢u Luun .n..uu.buu 4" ..A... \uavo, uun-

ever, t: tw. percert or leas. ‘Tne locse-packed charges were vibreiwd
for denaity uniformity. cars being taken to avoid segregation by ax-
caa.-ivo vibration. Tlensities were Z:termninad in all cases by total
woi bt Aol volune meawurements. Velocities wers corrected to an
averago density in each case by arpropriate D! p,) relat.ions.
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No svs.mr 1c a.lmin... "-n'ncle size or diamever vilects were
.--.ud Lo el bhes U} e UU/ 2 ThTl=! Al or u)/)UI¢'b nua-—m.-nl GXCOD‘C tor the
fermer at Jdlamsters lens than 5 em. In fact in the 522 coring ro defi-
nita diarater or pawtiols sieca 22f.2%0 woiv vbymcved even un Lo low-
est diamsters studied, Thess results show clear 1y that tae rvaction
rate of alumicum is mot a limitine factsr in tlie behaviur of trite al
and {B e

Of particulse intarest are the following ~opurisons:

Tor oV ad e - wl_/...\
dpidrt s § pl Ay Dev/
K- 1.89 4510
80/ <0 InNT=5aly 1.75 6900
30,/ Thl-at iled3 5800
LNT 0.85 4825
§0/20 TNT=Salt 1.00 w00
80/20 TN1-A1 1.00 3840
6'3/_140 RDX=TNT 1.70 600
45/30/25 RDX-TNT-Salt .77 ("LJO)*
45/30, &5 RUX=-TNT=AY .77
60/&0 ROX-TNT 1.00 (5550)1»
5/30/%5 RUX~TNT=Salt 1.15 (5400)%
as/ 36/25 IDX-TNT-A1 1.18 4600

¥By liseas Lilerpoluiion of resuite for TiiT-salt and RDX-salt mixtures.

These results show that alunmimm lowers the valocity of TNT, 60/40
RDX-TNT and composition B more than salt which acts (if not as & pure
diluent) as a slightly heat abzorbing solid. Clearly, therefore, alu-
mipum rwst have a strongly sudothermic offect at the C-d plane. This
woull o8 the result 12 AlpO\g; weoe to fomn in -wpreciabla smott s,

but if Alz\.:(c) were te t Secia€ the scle iluminua prodest, the large
Haseber veluuiiy ~.-. Lug T9T-Al and AUA=INT=AL mixtures vouid nave veen
appreciably nigher (evea at the same den=ity) thaa the velocity in the
corresponding explosives wicaout alumimm.

The effectively endotherzic reaction of .4 in the detonst.i-s
wave ay 09 gsen also in the foliowins results «f detonalion rr. trnpre
measurezents by the shaped charge nethod.(s)

Exploaive by P(ata x 1077)»
TNT 1.59 i3%0
80/20 TNT=l1 l.68 A0
TNT 0.81 45
80/20 TNT-Al 0.94 45
Cozpositicn B 1.7 2%

80/20 HBX 1.8 170
73.2/7%6.8 ¥bi 1,83 155

#Averazs deviation {rom uean 5-10 zsresut.
Thus thic actual setonation pressures of tr1fom" ang {BL wama Vay,
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than 3a INT and compositiou B even though Lin densities_of the former
explouiven weis & to 8 percent highar (3, = 53 W 2;0¢/L). The den=
sity inerease wus mt exough except in the iow density TNT-:1, nowaver,
vo make D (or the encdotbarmic react.ion.

D(5y) Curves fcr Tritonal and HEX

Thermo-hydrodynamic calsulaticns for tritonal and HBX waing
8 linesr D(py) curve and the new Al-dissrihution squilibrium constants
in the inverss solution methoa (9) gave inconsistent results. (Ths
values ol us were L0oo larze and tim computed a(v) curve dawysved con-
siioratly Irom the 'universal' cue.(iU)) These remiits suzgested,
tnereiory, thsv the W(py) curve should not be linesr. Measurementa of
the D(py) curves for pressed 80/20 TNT-Al in 8.5 cm (L/d = 4) cherges
and for 45/30/25 RDZ~INT-AL at d = 5.2 em and L/d 2 6 were viererora
carried out. These diameters were chosen to insure iaeal detonatioan.
The resulis are showa in Piy 2. The a(v) curves calrulated uxing the
ohserved D(pl) curves were in michk bstter agreement with the ‘univer-
sal' curve and the calculated pressures wore alsv in mich better agres-
aert with the observed onss. There remsined a discrepancy in the a(v)
wrve for tritonal, althox:h the calcalated pressures were in good
arresment with tha observed ones in this cess, For H3L the computed
a(v) curve was in exusllent agreement with the ‘universal' curve, btut
the calculated preasure at high density was stiil about 25 percant too
high, Hewswer, ihis discrepancy was of Liie oiss of umgulituds 253c-
ciated with the limite of uncertainty in the equilibrium constante
determining the A120(g) /A1y04(e) ratio.

£, il

Exporizental D(d) and D ve. poriwmd Al {constent d) data for
AN=-Al mixtures varying in campositi~= from 100/ o 70/70 are atown in
Fio 3 and L. The influance af A3 nawiiels sizs iz alse indicated by
wome of the resulis shown in Pi,. 5 for 8 to 20 vercent Al. Addltlional
data showing Al particle size effcuus are given in Tables II and III.
The AN=Al mixiures were all non-ideal at velocities far below tho ideal
vslocities in all casss irrespective of the varticle size of either the
AN or Al. Ho atlempt was made to correct velacities for small density
fluctuations owing to *he anomelcua D(py) relations noted in Fig. 3.
Por ezazjie, the velocity was in gemsral cons=idersbly lower on the high
density side than on the low deasity side., Previouz unpublished stu-
dles have shown trat this is a characteristic of fual or combustible
sensitized AN explosives at D/IL* considerably less than unity.

iit oeder %0 show the anomalous denaity effect unaadiguously,
D(p}) seuour.ments <evg carsried out with the 90/10 AN-Al mixture using
s 2insle yniform unacreenad Al capie Licoughout. These resulte are
shown in Table IV. 1In the first series using a fine AN product (sample
i, Tulle IV), the D{(3,) curve was found to go through & maximum soms-
where between A daneibty »f 1,00 and 1,45, Thaae mexsiventuty wers re-
reated about thres weeks later uising tho sane lot of AN, lLowwver,
clearly itis sample Lad changed during the thras weal inte:val, as
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noted, Vi @tampla, by the Jach that 1% poskod 4o o Lower deneity.
Wile suvied the maximex valocity (3485 m/sec) wac observed st about

© 1,12 =2d the valocity wae 950 wmisen lowap at sy = 1.25 than at

in & dnt i VT Twmewamey

[

pi ® 1.12. Pressing crustes the AN somewhat, nence tae anomalous Xp.)
effoct =huld be sven mora ;ronounced than indicated bty these two a8
(AN samples i and 2, Table aV). Tu show the iwal o) effect. one s
arould use constant particls size. To sccomplish this, saversl shots
wers made in xhich the pressad charges were compared with loocae-pacied
viaes nade by ficel wesaing tho AN o the density of the worresponding
prassed charge, cruwehiing tha mixture and loose packing it in charges

e e

of the sawne diameter and laugth. Three comrarisons of this scvt are

n

ehown in Table IV (AN samples 3, %, snd &), Rave that the low density d
Proguct snowed s bigiwes veooully than ths higher donsity ona, snd the "
alllerdincs inctreaasd with the density difference. These reaults show ]

that the D(pl) curve for 90/10 AN-Al with fine AN and fine Al extdibits
a aximre at some value of dansity below s ].25. Ancther more eas-
ily reproducibla axezple of the amnlouopb(pl) effeot in AN explusivos
i ahown in Talls IV for & F0/10 AN-INT xixturs uning liquid TT end
fine AN. Again the 0(3) curve is shown to go thraugh & maxisum in
this cace rear py - 1.18 g/co.

The A=Al nixtures are coaplicated mon-ideal explosives; be-
sides the anvmalous D(9)) relaticans, particle sise effecte may be ob-
served not only In Al ut algo in AN, The AN particls sizs was not
allowed to vary mors than the mszust caused by crystal growth in the
AN and the ability to reproduce partiocle sise in AN Orom one lot to
snother. As & result, no definite particle size sffects of AN were
roted. To show that the AN particle size also influences velocity in
these mixtures, thecefore, two shots were made in 10 om dismeter
charsss uging & much coarser AN prodict snd the same grede of alJuminum
as in the compurative exaanles. The results (AN ewmaple 6 {u Table IV)
showed an average velocity about ilD0 n/as¢ iower than Tor tne Liner
grade AN chargea of the same Zensity and Al particle size.

R(d) Curveg for DDX and 95/5 RDY-Boven
ok /e

A prelininary (partial) D(d4) curve for l:ose-paskca 0%5/€
ADX-YcTon ia compared with the D/d) curwe for RDY 4n Pig. 5. ™ WX
used in both cases was 65 to 100 ma-h. The boron was & semple of
quality still to be determined. These resilts are as yit 0o neager
to allew raliatle conclusions to be made, btut they indicate that the
reaction at the C«J plane for boron as for alumimm may 2180 be an en- [
vothermic one relative ic Lhe products of devunetlon of RIX., wNoie, R ;.
iur esaiupls, that the vesction rate of RUX aamma to b conusidaradly air
rétwrded 39 the mixture indicating a consideradle drop in detomation T
temversture. For diameters above 1 cm, RDX appears to detonuis uith R .o
idcal veloeity (D/D% = 1.0). Huwever, the remlts for the 95/5 RDX-B

'y

Loewm e e

mtziure showed D still to he increasing sven at d = 7.5 om. At d = 1.3 o .
@ the veloeity of the mixture was abcut 10 percent lower thunn for pure -
DY, and at d = 7.5 om 1t wa3 about 5 percent lower. Il B weie & pu.e "

diluvent, the ralis of the D*'g Yor the two explozives wuld Le abuit ’
0975,
Conlfidantial
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dftar considarahle effort to ottain quantitative vave shape
resulis ii cast tritonal and HBY, studies were discuitimued owing 4o
the verz erratic raaults obtained. The ceuse of these irreprcducible
results was not only the difficulties inherent in casting such mix-
tures, but also a tenduncy toward segrazation of the alumimum causing
iU 8o cacentrats clsng the chargs axdis encugh to attemuate the wvave at
this position more than toward the sides. Apparently relatively eligit
assgragation of this sort is sufliclent to flatten and even invert 4he
wave [rom its normal value for an homogensous charge. The effecs ox
Al segregativn i3 uch 3ore pronounced than density fluctuations along
the charase avie which aimo teinda to flatten or distort tle wave.

In the lcose~pecked and pressed charges of 80/20 TNT-Al amd
45/30/2> ROX-TNI-ALl, the wave siapes showed normal reproducibility and
nomal curvature, The wave:s .are sherical in shsre and showed a con-
3200t v weady shate value Ry ab large L/4.  Veluds of B,/4 chtained
for the loose-packed mixtures of TNT-AL and RDX~TNT-AL with two grades
of A1 (325 mesh ard 6% tc 100 mesh) are plotted against aiawater in
Mg. 6. d vs. py curves for pressed 80/20 TNT-AL and 45/30/25
RDX=TNT=Al ohtained at d = 2,5 :m and d = 5,2 o, resgectively, are
shien in Mo. 6. R,/d increased for TNT-AL from 1.45 at py = 1.0 to
2.5 at py = 1,56 at which denaity the By/d vs. p} curve still Lad a
fairly shsep slopo. In the RDX-TNT-Al mixture, lowever, Rm/d increased
from 1.95 at g3 = 1.18 to the liniting value of about 4.0 at py = L.48,
This mixture showed no further increass in By/d with deusity as the
wave increase from py = l.48 to 1.57, the averags limiting value of

Rg/4 baing 3.85.

Wavs shupe data obteined fap ¢he AN-Al mixtures are given in
Table V. They show Rp/d to be uuiil.ed Lo the ruiatively narrow rargs
between 0.9 and 1.7 in *le diameters studied.

DISCUSSION OF RESULTS

Teaperatures s'vd 1»eseurss et ne C.J plane for low density
TiT=41 Aud I7=~TNT=Al mixtures are such that the chief mroduci of al-
unizaum 13 A10(g). This forms endothermically with respuct to the pro-
ducts of detunstion of 4“hwse explosives and as a reesult the intenaily
22 the dztoratinn yave 18 requead by alumiysm, Owing to the much more
rapld liiercass of preossure than temperature with denuity, howsver, the
ratin A1,0(g)/Mala(c) decreases with density tmt remains appre~iable
evan at the maxiuvn densiiy. As a result the influemse of the highly
exothermie product . 1204(e) never is sufficien® in tritonsl and HBX w
overcome the andotherm i sffect of Al,0(g) at the C~J viane. Thu deto-
nation velocities and detonation presswes (and "brisance") of these
hagh veuperature aluminized explosives ars thus alweys lower than those
of the corregponding explouvives without alumimum oven 2t the maximm
dansaties, duspite a § to 8 percent higher denmity for the aluminiced

explolive,
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i The vatis ALz0(g) /Al03 Cfalls W 36vo at temperatures balow " .
: about 3500°K at the "erplosica picusuwres" pq of the Ligh dvaaity alun- e t)
5 ainlzod explogives or below about 3000°K at very low presst>es, This o
ia effcet vill, therefore, cause the tempersture to be tuffered at s value = t
Es betwean 3000 and 35009K during adiabatic expansion. The maxisii, avalle aa
o able encrzy or total blast poteantial is detormined by the integral E.g
£ v
' A-f&!yj'-o’-q (1) X
v Vo
)
wvhara 4 sa vhe maximm availabie work in espaasion of the produstis of E‘ ta

detonation frox specific volume ¥y to v). Q is the hesS of expideion
and q ia the heat retained by the products of detrnation at vi. In

gonsTal dthonaticons ave very afiicient. in utilizing Q in worx procesces
53 long as the resistance of the turden is adequate. In open air
olasts the resistancs i low such that A/Q~ 0.15 to 0.2, but in wuxier=
ground and underwater A/Q ~ 0.8 & 1.0 depundiig on the explosivs. In
either case, howevas, tha butfering action of the rutis Al g)/u.fO:;
(c) on tomperature wiil tend to increave Q and A in zed explo=
sives approaching as far as maximu availacle energy is cnncerned, the
high valua correrpiading to zero in this ratio. Only where v, is es.
fectively saly sliphtly zreater than v3, a8 in annlications requiring
high brisance (e.g., zhaped charge phetomena including i ‘nl-ivo load~
ing of targets, cavity effect, ete.) will the high AJ.-O(g,/Al-EO (o)
ratios applicaide ia the vave frort of datonation be n
lowering intensity. In casas whers v, is effociively muchk zroater
than vq, this ratio should be effectively ierc. The thermodyuamics of
the AL20(3)/AL03(c) ratio iims appears to give a complete qualitative
exglanaiion of tgc behavior of tae iwmportant high tempsrature, alumi-
nized explosives. Quantitative computation should be possibls for any
pastissiar set of conditions.

The situation is summwhat dif{lcrent Lo AN-Al mixbures. Iu
the first placa thess mixtures have low erough detosatiocn rressures and
sufficient oxygen at Al < 1% percent th.t the A g)/Al203(c) ratio
i3 prectically zero in this range. At X per Al, where the explo=
sive is aprroximataly oxygen belraced, tlis ratio is stil) quite low
ard Q for detonation corditions is a maximum {at 12,5 keal/kg) since

. the ratio A10(g)/Ad04(¢) increases rapldly cs il is further i-ermasea
oviog to the rapidly ificreasing tawrarature, However, A (in work poe
cussea where v, is sffactively much greater than v4) sbould eortime to
increase with percent :slumimim in the AN-AL mm»rzl, perhaps to as
high as 35 to 40 percent AL, The AN-~AL explosives in this commnsition
range should thus be very powerful ones for uncerwater, airblast, and
crdnrground nee, Yowewver while thay should develop s'atained pres-

sir18 thelr peak pressures under all eiroumstances should ce very low,
particular.y in small sizes where thes D/DX rubiv is low.

Finelly, let us consider briefly the kinetics of the rsac-

p 5]
X

-3 Lol “Chipm

>
.

BB g

2! mo-idcel oxpicsives, including wih pure explosives ani mixtures,
ths surfacs wurning {two-thivds crder) rate law described by Zyring,
1 Conficeniial a 3
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% ticas of AN-Al amd AN-INT mixtures in detonation. In previcus studies
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ot ul.(12) wae found to apply. The explozive mixtures studied, however,
wars cf a type ir which the temperatnvre zoe-ated by the veaction of at
least one of the ingredignts alone without mixing weuld raiss the Lo
perature in the products to near or even zbove the final ecuiliibrium
temperaturs after thermodynamic equilibrium of the products. In AN-Al
mixtures, however, the temperature attained by reaction of AN alone
canast sxcced about 17CN9K, wiereas that for the ¢omplete mixsure rises
men higher. Hsnce mass transfer and possibly heat trinsfer are much 2
more important facicre in thesm mixtures than in a mixture such za
WT=Al. The latter temparature in the gaseous phase will always be in
the neighborhoosd of the final t-mpeprature, but this is bw no means true
in the mixture. Two olher possible limitine factors hesiden hest trang-
e in the corndonsed rhages thus arise. The limiting factor deter-
mining weea in the iM.AY mistupes might be slthsr {1) mass transles
in the zas phade or (2) heat transfur In the gas rhanse,

In the previous sxamples gtudisd these processes are appar-
ently unimportant and the ral. of reaction is limited by the upper
limit of temperature and reaction rate in the solia (the Eyring pro-
cess). However, i1 AN-Al mixtures spparently the gaseous phase is
effectively not in equill*.ium, and factor (1),(2) or both thus limit
tha rate of reastion. The fact that the rate decresses rapidly with
deaily l:dicates that the 1lliiiing factor is mass tranefer, (Diffu-
elon falls rapidly with Lucreasing density or pressure in the vapor
shagse, but tLlherwal conductivity does mot.) This situation corresponds
approximatels L5 that ceccurriugz in gramular Ylow" explosives auch as
black powdar in which tha burning rate decreases with increasing den~
gity. .

Sirgle and doublo-base propellants in which the solid phanse
is hosogeneous have apparently “Ncrmal enn-uctivity as the rate deter=- -
waiedling {actor. That is, cpparently the rate in thess oxplosives i
detarminea by the temperature al wiv solid-vaipor i:terface, tut the
initial process of decom; osition 5% sndothermic or mich less exother-
mlc than the oversll reaction. sost ~f ths haat %s thus generated a
shoTt aistance away from solid-vapor interface and must be transferred A
back to support the veaction. Tha “empersture gradient sway “rom the
swrface (femperaturs boing ansllest at the solid surface) th.refore
increases with pressure, and the effective mirface tempuretwre also
increases with pressure. The reslt is that *“e burning rate incrsases
with pressure.

s

The anom.lous D(03) curves cbserved at 4 = 10 ca inm 90/10 -
AN, DNT are belisved characteristic of AN-combustible mixturas in small |
diametes:s.

Quantitati ‘e studies cf the D/D* ve, py curves of such mix-
tuces by wear.: of the detonation head model should thus provide the
leceusary reaction rate data for the study of their reaction kinetics.
Tt is powsivie Lhat such studiea would lead to valuable infrmation on

82 “ransfer in gases zt hign densities and presswrcs in addiiion o
important practical and theoretical information on the resciion kinei-

2 Cunfidential

.ics of AN~combustible mixtuvres,
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Tahle ITT: Tn”luence of Al Particle Size In AN- 23 “iwtures in
9.94 (d) x 6i (L) ca Charges

ITE a0 1 vt TR
-‘i % i":"‘
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f‘-"il A\ Particle B T(abs) Al Particle I” T(obs)

_ﬁ Siaeh (g/ce) (m/eec) Size® (g/’éc) (m/380)

% & Parasnt, Al 10 Percent Al

> ——

. «200 + 156 1.13 Failed -8y » 10 1.1% Pailsd
«150 & 200 1.13 Low «100 + 200 .42 3085
~200 + 225 1. 2098 «200 + 325 L1 3050
«12% 1. 3050 =325 1,20 3225
12 Percent A} AN Pariicle Size

- 45 + 100 1.15 Pailed + I8 13.3 Percent
=100 ¢+ 150 1.14 3170 - L8 + 65 60.2 Peprecant
«150 + X0 115 2865 - 65 ¢ 100 22.5 Tarcers
=200 + 32% 1.8 2340 =100 + 150 4.C Parcent
"‘325 1.& m

#3t.andard, Tyler Meah
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Table II:
Paroent Ad

A
-32%
=325
-23
«325
-325
~325
-325
«325
325
=325
- 48 + 325
- 48 + 325
- 48 + 325
=150 + 200
~100 + 0
15 - A5 « 100
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Darticle Size*

Critical Diameter Data for AN-Al Mixtures

Critical Diamatar
4, (e=)
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#AN approximatsly thie same throughout—-see Table II
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Corfiduintd
Table IV: Variations of Velocity withi Densivy in
Anea. snd ANLTNT diviuwes
/30 _AN-AY ( 20710 AN-DIT (1) (10 x 60 cm)
AN I Charge D AN P Caarge )
Sample  (g/ce) (a/se2) Sample  (g/cc) (a/s0c)
1= 1.06 Lbae 3260 2 0.88 P 3310
1 low ? BBW 1 J. m Lﬂ 3"6“:‘
i 1.1y Y 3530 i 1.03 P 250
1 1.2¢€ n 3380 1 1.17 P 3330
2 0.9% w 2355 i 1.27 P g1
2 1.12 P 3,85 7 1.08 p ans
2 .25 P 2530 7 1,17 P 3210
3 1.07 P 350 7 1.03 pe 3735
3 0.5% e 3490 7 1.27 P 2505
N l.18 P 3405 7 1.07 he ] 3701
A 1.00 pe 3715
5 1.7 p Failed
5 0.95 pe 2675
6 .12 -4 2595
é 1.1 P 2525
#Screen Analysis of samples 1, 6, 7 were as follows:
AX Particle 3ise Date
Heak (1) (5} {7
-10+¢ 20 —— 5.1 ——
-2 + 3 —— 7009 L
- 33+ 48 ——— 2.2 6.0
- i + A8 43,5 2.9 48.4
- &5 + 100 28.5 G.5 36.9
«-1G0 « 150 10.1 — 4 2
=150 + 200 4.8 —— 2.C
=20 8.1 ——— 2.4

Ssmples 2, 3, 4, and 5 were the saame an sample 1 but had aged toc 27
dsys. Aging of AN causes definite changes, the most significant of

which is the packing quality.

P = 10083 pecksd, p = pressed, pc = pressed and crushed to a looau
powder whizh was than lovse-packed. This gavo & loose-packed product
of tha ssme narticle size as in the corresponding pressed charges.
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Flz. 1= Valcocity-Diamster Curves Flg. 2 = ldeal Velocity-Density
for 80720 Tritonsl and 45/30/25 Qurves for 20/20 ™MAL and
X-TNT-AL, h5/30/25 RDX~-TNT-Al,
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Fig. 3 = Velocity-Diameter Curves
for AN-nl (Zxtures (~35 + 15C mesh
afl, Al was =325 mosh except as indi-
ﬂﬂﬁad, 91 = 1.0-1.05)0
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Introduction

It is conveniant to consider datonsticm in cue ddmensional terme.
Much of our insight rege—iis: the procssses lavolved ia darived from
such vuidluerdticos. In ; yreival farme  ome Aimenwigmal somsldemation
22 Jstcoation 1s equivalen: to the asswmtios of an inrinite Hlane
vAve . ar rewract coiliuwsnt oI @ Tanite colum. Of cwmrye, neither
of theee conditions is calizable in that rarefaition waves close in
radially as well as from the rear. In coluwms lecyw than == imca or
s0 in dimester. £ most axplosives, thie =fiwct of s rarefaction
vaves Won the resctichd zobw, And hance upon the stability apd
velocity of dstonation, are neglicitls. Even quits aaall columas of
most high performsnce axplosive caspounds, vhaqqm conf’ ned 1iu
metelsz, siuw relatively iitla Clamsbic eflzctis/. In any size chargc,
honsewar | thy LiNeiwloos &d GiBdibive s w iy bead of rapidly mowing,
nigh jessure gases wolel folicw iy latanatiocs zre directly dmbave:ned
by the nature of taese varefastiui, The dstonsiion head s a
zanifesration of fiow comditiiws bDebind the datonation froat., ™e
ressaurs, dsnsity, snd tamporelww drvp ere det=rmined by thoee flow
cemcilions, vhich are in twn dotmrmingd by ths <eumsisy of the case
1n which the chargs 16 cafined. The geametry ~f the cage, of cource,
is miinvueiy modiried by the forces wi ths detcaatian.

A vigurous treatmeut of flow copditicns in and vehird the
reacticn zcns 13 beycnd the scope o avalilabdle mathods, and would
require infoyrmation vhich is not available. Treatasuis bLaged upon
resscnable eosumptions, scmetimes quite cbvious approxiiations, have
rrovidsd basas foo qualitative undarstanding and srmetises ieas 0
zeal~eepirical equaiicns vhich check: well with experiment.

Imporsant contributions to the wdsprstanding of the effect of
radial lcesce upam the stabllity of datcaation ware made by Jones\2)
and by Eyrlag aud bis co-workecs(i). For thess purposos, tbe flow
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nasd Lt . OlsidATua Cudy W ths extent that 1+ affects corditions
vithin tha reaction zoze. ‘fhe cwrved front theary of Syiing and hls
Cu=wuikerail) s guite unaty) for ¢his purpose. Tha relation bedween
Wl curature of the front and conditicrs ssveral chargs dlametars
pasle worald be difficult te establish and more difriculs <¢ work vita.
The £15¢ bahind the Taartion vong has Deen snalyzed Jor ssveral sets
Ty u:m.m. susidtions including those £or the edge of 3 semt-infinive

charge(2) and a thin cmsed cylinler(h).

It has been notad that a very suall charge of explosive haavily

contined iz metal, behaved quits sinilarly,in sas pespecis, W & mucn
epts Ty ghEwza, Thia fard has led to the developweat ¢f & seall
scale tachninue fﬂr +he neasurerent of detopation vuoci:y\“).
fozoatatad with +ha prowan uaetulbezs of lareer scale piate dant
Teotalf) 2t fzizired +ha hops that o ueeful mesns cf evaluating
explosives of vhich only ssall auantities are avuilanls might lie in
& dent test in which the dudis &xe produced Ly amall, highly confined,

charges.

he resulis obtained in the Tirst mll scals Jent upar'.nnt-
vare systemsticalir related to propartiss of ths explosives uwiwd, but
4o not cqruht.c wll with the large: scals results of Smith and
Eystar(7}. Ths obviovs ressonm for this 41fference in rmruitl vas the
largs difference in the soxfinement used in the two types of test.
Since explosives wvere incluled vhich exhibited little dlamster ctfect,
it wvas reascned that the effect ¢? confinsigent upon dant test resulls
must be & wanifestation of its eifect wpon the conditions tehind the
™action sons. The explosive columms used in »ast of the susll scals
sxparizents varw confined in metal crlindews 5o thick that further
increases had nagligihle e«ffect upon the res=ulés, The thin cased
~hsvrze Analyses oulta cledrly 4o not apply .0 these experixmente bHut
the ourar bourdaries of the cuse nevd npot bw ~ntasidared.

A useable Lipression %35 been dearived wnich relates ths depth
el dumt Lo tte propertiss of toe explosive and confining wmadiwm, An
imortant asswntion in this deriveation is that the leagth of ibe
"houl" of uigh pressure profuct gases following the dstauation is

e readeal | Hv dhe dRiadem Twmbiiaan tha M“l"‘ﬂ. of stety of the
e:plooivu and the confining madium. ‘The pnnrzt vaner include: ..
discussion of the application and 1i=itaticns of the use of ihis
axpression together vith illustrative datr.

Experimsncnl Technicue und Arvangeasnt

An atatsd ahowe. the dent vroduced by small, Wighl - confined,
coluwms of explosives was L£irst consiuured as oo aconcmical means of
evaluating .xperimental explosives. Ths small smount of egiument
nezoud ves a very attractive feature. To explora tie possivilities
of iuech o test & series of trials vas mads sith the general
arrangeami showa in Digure 1.
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pdal T™he explosives vere loaied into hec v walled trnss tubes wade =y
L= Ly @rlllted Aad rusming bud slOcke TL5 TUDCH vwers cuunbuiburud @b =
o coe enu 107 ude irserticn of an alectric initiator. Most cf tho b

&Y TUDES VOI® Lwu inlics iveg wibd ewoud & Lald lach &oop weamtartsTs, -~ .

leaviag about ona and & half inches for the explosive columm.
3everal nizes of tubas vere used insludiug 0910, 0%15, 0T20 and 0%25
1rs.d8 diumetars. The ratio uf tha cutside dlamster ¢f the tubes
(e Uwiwe dimeeter van oovar iner wuid 0.07. Tt is Luileved that
this mtic was large tnough for adequate confinement in sach cade,
azd that+ any furiler incrasss would hove Med & negligibles offeet.
T vlocks 1 widch i dents wers :ads wore swu luch long pieswe.
sut from cne Uy twe inch cold finishad, SAl 1089, siesd beru. Tus
dent wes e 10 G 0f tis brosd fecss whicn wog ¢0ld finishad.
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Toe wyioclys as ioaded Ty iscoements at 2,000 psi, 8,000 pedi,
or 2,000 pei. Inovemants vers limited ia langth to not mcre than
ths dlamatar of w3 bolas in order to reduce the variations in
dsnsity dus %o wall fiicticn wbich ocowr vhen lmmgar increments
ayw uted. Tangities vere doterziosd the loding prescures
using the relations given by Eemmton(8). In scme oasen, tasse
valves vere verified bty mesmremsnts of the volume and asss of
wplailire colums. Elsctric tiators with hridge vires attached
by the spray-usias processil) losded vwitl Tlasl cheuges o Silly
willigrans of millad lead axzids at 4,000 psl serw uwod,

Tta dsptls of dauts were measwred to the deepast part of tiw
deut fruam the flat surface of the bdlock &t @ distance far enough
from the deit 10 bavs bean unidistucbed by tia explosion. An Aaes
dial inaicator pedastsl haight ghme waa used. ‘fa despest polut can
easily be lucated by moving the block with respect 4o 4ha Lfeslar of
‘he mise wival 3 NeXluarg daflaction e chsorved. The depth was
asaswxed vity sespect L0 at leatat two oppositc points on the suriuoe
w chech ths flatness. 1f the two readings agreed within one
thousandth of au inch they w.re svavassd. Crosrar disasresment

%

o

¥R TR EEHL

tnldcated dint view the h'ask. .ince the flatnesas had beer chmeked

veafore e test.
o Tim L2oults of the eXplurdto.y i~4ls indiocated tuel tle «llach ¢
v of cuafinemeut upon dent test rssuits mS:hi 96 wush arvatar than
= 4

wWwea datopation wWloaity naas'rements. Fo. this reasna, & numbar of
trisds wvere mads using & variaty of confining madis sd tubes nf
varying thickness.

Tha dstonation velceitiss of the explosives used in the Pirst
GVW i caperiowuile vere esllisbed fraa Qe Jaasities, whicu Ja
turn verc eatims-ed from the pressires at vhich they were losdsid.
Id the wve raceat axperiments both whe dsnsity and the detuvatioa
velocity vers mesasured for each trial. The densities were computed
fron mersurenents of the dimansicus at the hols 1utd vhich the

HEAE

)

e axploslve vas loaded and weishts of exglosives cetermined by

o welghing the coutainers before and aftsr loading. The dstonation
»
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velociting ware destermined by xeasuriig the tix; required fur the
datcmatien to tzavarse the last lacn of the column. The velocity
DoasureRcnt Vas essentially that lescibed by Semplonldi.  Uiw timer
LSS Bag Toe wasunw thepwoemmin timee described vy Siresau and
Goode(S). In order to msesure the detonation velocity, the comtmiuer,
&5 well on the explosive coluan, wes mads in sections to faciliiats
e lapuiblion of an topization prvbe ore inch fyom the end. in inch
long coluxn, a&s nearly identical to the final inch as possidls, bOLL
as to lusding and vonfinemeul, precedad the ssction owmr which the
velocity waa meagured. This latter section was for the purposs of
inswring that the detonavion had stabilized betore the velocity vas

LRSAUTER .

- R PN A N4 Py
noSiAts and Dizzunsise

The dmats obtainnd, Figure 2, weve move Oor leas cylindricel
with nearly flat bottome. Ths chargas used were small enough so that
the cnly measursble .Jaformation of the plate other thin the Asat vas
a ¥light avelling, shout 07002, vhich vas redially symsstrical to the
2ant., In Pigus 3 the dopils of dents obtaired with fowr aigh
axplosives and fou column dlsmatars are plottsd versus the
detonativi velovitius of tiw explosives loadad at the sams densitias,
Tha velositiss vsad ia this plot vere datexmioed from the loading
donsities using datonatica velocity-density data from M.D, Hurvits(10)
Note tha linear relationah'p ¢f dapth of dent to ustomation velocity.
The convergsnse G the lines at & point is probubly not significant.
The cbarge was dstuaated with a fev incremsnts of 1nad azide hetween
the initiator end <hes main chargu, Migwe l. This detonntar chaxrge
could caure considarable Aifficulty if it had to Le cctsidersd in the
interpretascion of results. BHowever, if the assupticn o= L mads
stat the Jeni {8 ~aused entively hy tie chargs materisl, a falrly
sizmple relationsbiy betwsen the dspth of dent 2pd the Tropertiss of
ths exploaive may be darived. It was {iorsfore nacessery to
-h;amim the ,ariation 2T depth of dent with langth of explosive
SOLwAD

A stuly of tho effoct of charge dimsnsions on the dapth o dant
wvan wdertakon., Churgas of lead aside and “etryl o vhich the
Sractioosl coluzm langths of tha two materinls vere wveried wes
astonated on the surfaca af wetal r'ates and o mdwege of s dapth
<t dant wvas mada. The explosives wvare loaded in columns of total
length 095, 190, and 1%5 at 8,000 psi in heavy walled containexs.

LJ

Too resuits of thuss experimsnts sse $lot4sd in Pigure 4. Note
+hat both thu total aolust langth (Y) apd the lensth ¢ the tatyyl
colum (3} arfsct the dapth of dant when thase quantitiss are mmall,
but when ius total colium langth exceeds about an inch and tue
langtu of the tetryl column is over sppraximately five dlameters,
th. depth of dent becwics irdzpendent of both of these dimsnsions.
A estwilaw experiment was pevforead in vhich tLe depth of daut wis
Imizrmived ur o Dmetion of toiel colum laugth for laad azids,
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Pigur 5, Ta this exparimcpt a standad langth of tube wes urd so
that ths ale gip between tha indtiator ari the colum dscrensd as

ths colvem leagth dncracici. Tha alaps of the curve a=dmgd €O
indisate that the ei'fect of this change iu ger »etvgss W iaitiator
s explosive colunn is nagligibina., The ssrnth of dant bacomen
independent of the letgth o the colurm when the column leagth axceeds
about 8 half iucde 7The lardar rolative disparsions with lead azide

2 4y be attrisutsi at Laast Ln part to the readidus of lead walch had
o be rowovad from ils dent fore saking melasurensnts.

A retlr interssting feature of the results of thewe
experisarts is the nearly linesr relsticusuiry tstveen the depth of
dsial @l the detunaiiua veiocity, Figwe 3. Thess susulie wmy Lo
coniraatad with those obtainad in larger scals sxpsrimewts, Figwre &,
iz whizh i wag foimd thay whe 40pth of deav veylsd sapeecly Wl

202, vhsra D 1s tue datonatiun veloceity and ? is the Gannity at
which the axplosive wvas loaded. This apparent contradiction may be
explained by the fuct that the larger charges vere bere while the
e2allar charges discussed nsrein were highly coafined in astai. It
is belleved that the following qualitative discussion usy aid ip
wdarataniiog wvbat vas exporimsntally cbserved, Cansifsration of
dants in metals bas usuwly been in connection with msasuring their
uardness. A generality waich aay be infsrred from hardasss thaory
and data ts that the work dcos in producing & dwt is proportionsl
to the volume of the dent.

The eize &nd ccidition of the "nead" «f repidly moving, hish
predswe ghses which follows a detovation is directly determined by
the nature of the searetaction waves vhich follow Zrom the Jear and
close in radially. T= ~alweme vhoge lengths aze larae enough
coapared with thair diansters, ths hedd reaches s starls conditica
wbich ir 2:raraided vy the boundary cowliticns at the cylindriocal
surfece of the colummn. Both the cize of the Hovi ana sz langth &
the ool reqiired. far it t0 stavilize itself dapend upa? et .3
voisidered to Yo purt of ths beci. Camow and Finkslatein
the bedd a8 All O wms suiWéad woOv.ug grses, bLut for the purpose of
the present discussicn, it will be arbitrarily defined an the material
witich contribuies rgsecuredbly to the daformation of the ster L biock,
By 4efinivion matal ciu be permansntly daformed only Ly wiresse? in
excans ¢ its eiastic limit. The pressvres vwideh o moving f1uid can
azert Wpon & surface, is the sum of the sti*.: pressure (P) and the
kinetic pressure F¥=, viare fis the density and u s the particle
velocity normal to the swfece. This sum

LT

1) \IROP-.n
2

will be known heve.n as the "total pressure”., It will b sysumnd
tant the Nvad includas that gas for vhich the total pressure exceeds
the slastic liait of he metal,
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In conailering the effect of dlamater corZinsment pou the
detonation veloclty of explosives, Juves'i2) dsvelors his arguesnt
on the besis that the expansion of the cese allows evpansicn of the
amplostives during the Jeaction +ims, & spprvech craracterized oy
zyring(1) a5 the “noszle thecry”. In considering cwditicss behind
the resction zone, the nozsle concept becames aven more useful. AL
tha and of the resctica sine, according to 4ts CuarmaneJouguet theory,
the sum of the s~uzd velocity and the particle velocity iz eqnol t=
the dsvonution velocity. In terms of crdinates mcving at tie
detonaticn velocity this means that the particls veloosty is equwal
40 the wound velocity whi.h 13 the throat condition of an idsal

de Iaval nnssls,

Courant and Mricdrichy daseridba a "hydraulic” trestmant, sizdlar
to that of Reyuolda, vhareby vesy 3ocd appracimetions of flow
comditions in a ds laval noszle may be obtained. Introducing & aet
of surfaces of revolution, pesFeadicular to ths wall, it 13 assumed
Tiov is orthogodal v ihen snd that all relsvant quantities are
ecnstint on them. Furtbar oas that ths alishatic expansion
of tim gas £ollovs the lav that PV’ 1s constant, that the flov 1s
irrotational, ans Bernoulli's law, & set of equations is derivad
relating the particle wmlocity, the cross saction area, the sounl
velocity, the density, and the pressure by various functicus of gasma.

™he shave of the nogzle formed by the expending osse is
datarnined by the intaraction of the explosive foroes end the
cagiatanoe of the metal to daformaiiin,. Ths asscgtion of a simple
voaliosl nogsle, whils satiafactory for consideration of reacticon
Zona phehomsns becumes increwsingly unrealistic es the langth under
considaraiion lucreases because it isplies an wnlimited souros of
JuarKy. Ao ugsumption which 1s not unresacuabls is that ot all pelnls
an the suwriecs of tie noszle ths pracevme is egual to the product of
the shock velocivy, the peuilcls velocity, oud the density of the
metal. This Sullows £202 3 not too aritisal spplicetioc of wbe law of
consarvation of momentus. 7 this relationship 1s oombined with the
noizles 2oomtions, a casplately unmanageabls se’ of expresaioms
be demaved., If, however, simpls integers, such as two a* thres, are
achatituted for gammsa, it is poseidla to ohtain ant arical solutions
for the various £lov gquantities by & process of &
systcn scalas in tevms of the dimer<icnless quantity L PgDa/rfi.,
whars L is the distance behind the front, fq is the density of the
ax)losive, Dy is the detanstion veiocity, » is the raldiuns of the
axplosive charga, O, is the dsnsity of the confining medium, spd
Do 1s the wlocity «f a shock 1n the confining mediua.

If 1t 1is assumad: that the dstonation “need" scalss in tearwe
of the diususionless qualtity memtioned above: that the voluza of &
Gt 1n steel 1s proportionel to the energy expsnded in producing it,
ttut the exprgy dslivered 70 tde plate is proporticasl to that in the
"head”; and that, for a comatant diameter exglosive charge, ths volima
7% the dsnt produced is pronartional to its depil;, the fulloving
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oy W Asrived by some YAt siaplis but apace cuonswing

2) Afr mx ML, (Dg:2/FaDg)

where S is a constant yelated to0 the stremgth < tha steel, S and k
gan Ly determinsd using tws experimantal points outained with
sxplosires for vhich the relationahlip batween dansity apd datoaat..on
Talocity 1 Imowvn., In Figwwe |; The agreamsni LoUwesic Gk
experirental date ALl the C\I'Ves plothed Iram tue eyuwsbive le quits

It ¥ill be noted that equation 2) predicta that the deyth of
dznt should be vroporticaal w the shock impedance, the prodmuet of
ths density and tha shock velocity, of the case. A series of
experinmusnis vas 'xdertaken to test this predictiua. Thess
experimsuts differed irom the previcus anes mainly in that tbn
sonfining medium was waried, 7The results of these experizants ave
shown i1n Tables I apd 1T. The compusiticus of the canfining mwilis
e gliven in Teble LII. It iz seen from Table I, vhich shovis the
affect of cese conlinement lor smull charges & PETHN, that the
detnnation valocity of the FETY Joes DOt change as & fuaction of he
caafining sedia, Hovever, the output ¢f tha chargs, &s mtasured by
a dent taat; doen change wilh the contining case and 15 directly
relatad to the characteristic shouk impedance of the coufinicg case.
Nota the agreament bstwesn the shnek valocitiss mespured using
antirely diffecent wathods., This 1= an indication thai the time fus
the raaction of the TR W Ve cagleted is s chore vhat ths
rorditaons i the eracticn Tone & Lot clkuged by ~oufinement, dut,
sinos the measwred output of the UEIN chargs 1t cLuuged, tbe flow
conditions in the cdetcoation bead muat bave chnanged.

The pacass which takas plac, in THT vhen aonfined in vwrious
z=d1a 43 not 8¢ sixpls, as shown by an inspection of ™whle 1I, and
12 & wcre specific cuse, that is, for THT confined in stes”, As
suown i Tigwre §. ¥ur this explcsive there 43 both a veiocity
change and an cutput change due to confineguent, This I- zeem by
DTG Gis meamured velocity and the 1lt.Je scale velocity for the
sane deasivy. The detonation velocity called larse scals velocity
in this repirt is that obtained from experimental rate-loading
density data, and for THT tba dilfcreaco Yetwesn the meesired
velocity apd this valus decreases as the loading density is
Lwreassd. This indicates that the resstion zome length of U8
plk~ive Ls sn Javerss function of density.

Acommctth-mmancmmmtormu’ﬂ'f
2y ¥ chiained using relationships derived Ly Syclag et ai(lh),
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wvhore D = datenation velocity (measured)
Dy = 1dsal detonation velocity (large scale)
2 = »atction *ane langth
%- rodine of the charge
=» dansity of exploeive charyge
£ = danaitr of case
Dy = slwek = locity

substituting valias from Tabls I for FXTY confined in stesl
{(Pw1l,35) aw . 2m

substituring valuss from Tabls ii for ™ (P = 1,36) a = 2.k ma
substituting valuss fucia Tavie I1 for TN (Pew 1.58) a = ,106 ==

e valuit obtained for the lsuxth of tha reaction moe wyree jn w
quantitative vay vith the upper ldait values given by Barsberail),
1f v assume that the reaciicn 2ems lanzth of PRIN 1s shovter than
that of THT Tvwca the efre=t of confinemsut on sach exXplosive, and
from the camparetive sensit/vity of each explosive, Thus one sses
tomi the resciiun zous lengihs for the two explosives, TNT ol FEOY
diLfer syprecisbly for similar conditions of confinessnt and lomding,

Tha results obtained with wlusinum sad megresimm ave sm 3
cobination of 3 vindication of there equations ond en illuctration
of their limitaticzs. It 1s clear rram 8 giance e« sguttion 3) ibat
tha predicied effectivensus of a counfining medius incresses so
sharply «8 1ts shock veloeity approaches the datomation velocity of
sbe explosive that its density asswmes & secondary impertance. Ib
will be noted that the detomaticn velocities of TIF w" was lcadsd
s alurinun and magoesium, wiiich have high abosk velscities hut low
densities, are higher than those coufiued in badbitt. As preilcted
by wyuation 3), which applies to the \wactima 20ua, Wlminue 13 &
bettar contining mediun than tabbitt so foo as dstomation velccity
is concernsd, bui cs predicted by equation 2) vhich was dapived
cangldering the whole detonAtivn bBewa, sanhise 1g & netter coxfizing
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mediyva than aluminun as ladicated by the Adiib test. Ths Alfflculty
arises vban an attespt 1s wads t0 wse ayuaticn 3) quantitatively.
The meaning <f the imaginary quantity mesalting frum the subatitutica

&2 2 ghachk volooity Ligher thon the datomation welosdty is scemevhat

Ailricuit w graup.

AlL of the enefinive tmbes uged in the experiments described
abeve wure 30 thick that it vas assumed that Srthar insreace in
thi ckness wowid 527s oogligibls offsct, A ceries of experiments ves
run with tubes & varying thicknesses., The results of thase
axperiments are givn in Tebles IV and V. The ons incn outside
diameter tvs3 used in the previcusly mantioned experimants are
shwisusls largs snough 40 Juatify this assuzption. Hasults obtained
willh FBT8 are iven Ju Table IV. Pritber (e saterisal nor the
thickness of the confining tube has an effect on the detomation
veiocity of PETY which is large enough to be datected with tta
instrumentation usyd. 1he dent pcoduced, however, varies systemati~
cally with the outside dismeter fcr exch comfining medium.

Since the resillts of the experiments with the denscr confining
Dedis vere more nearly as expectsd, these expirizents vwill be
considarad firsi. In terms ' the interpretation of dent, test data
on yhich this pagwxr has been based, the effect af the cutside
diamster of the tuhe wmon the dent should be felt when {bils dimeter
is =mall senough that thw rarefection wave vhich 1a the reflesction
of the shock vave fiom the surface reacims the bore ¢I e wube
withia the langth of the datcmation heed. If 1% is assumed that
shock and rarefacticvo waves of all cagiitudscas have a constant
velocity, the distance, "L", fram the detonation front to the point
wiaare the rarsfaction wvave intersasts tha bore cen bw ohtained fron
the eixpls irismmasstric relatiogahips:

k) oin B = Do/bgi?) L w icot B

is angla baiwemn tixr Juxis and tha shock frout ia ths
matel apd "4" i3 toe thiclmess of the twbe. If we apply thess
egusiions <o tae davia rov JUN confined in steel, the le sth of
tend Zetavwined is in the neighhosuond of taree aillioeters. Ths
larger variation of shock velseity with suplitude 4n he other
matarinla mskes the vave fraot geomstry .9 complicated to aapxess
in these simple terms, Mt an ordar of masnituds correlation might
be expectec., Irass, vhoss shock velccity and dansity are close to
those of steel, i3 guits similar in its behavior ¢s & confining
wedium both with thick and thin wvalls. The outside Alameter At which
e affacl ol (e surface reredaction is noticesdls should ws
smsllar for babbitt both becauss 28 & poorer confining medium 1%
would surport a ghoxter detonation head and decauss of its lower
sbock velocity, the ratio of “L" %9 "t" in eguations 4) and 5)

is lareer. This sxpectation ies realigad, Table IV.

!
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Equations 4) and 5) cannut be apylied to aluzisum and
DaaDeBiul YecAude thelr shock veldcliles exceod the detopation
velocity of the explosive. /An iuterusting feature of the magnesium
and aiumpum dats is the shsrp increcss in depth of dsnt with
decreasing dlameter =t about 045 inch outsids dlemetsr.
Oboexrvation of ths ahapes of tha dents produced left nd doudbt that
this insress: vas associsted with s substantisl contributics Ly the
case to the denting. Arpareatly theza materials, dus to their good
inpedance patceh to the explosive, acquire enc:gh forwerd momentum
to oomtrivvte appreciably. Tos rathsr sharp brosk at 045 inch
dianetar may e asaociated witi the distribution o this momentums
over s0 large AQ area that the pressure exarted tu the stesl ‘ws
reduced helow the rether definite yiuld point of this saterisl.

‘he results obtainad with THT in tubss of varying ilamatar,
Tabla 7, are quite aimilar to those obtained with rElJS, except that
woth tha saterisl sand thickness of confinasmmnt gffget the detomnition
velucity. The ducreasc of detanation velocity wilh tie cutside
dingeier of the ste.. tubes ig about vhet might kavs been auticipated.
The apparent incresse of detonaticn velocity with decreasing outside
disseter of the badbbitt +ubes vas quite unaxpected and has aot yet
becn explained. The Possibility of messwement sbarretions is being
izveatigated.

The "hydraulic” treszment of ths de Iaval nossle is based on
tle assumption that cadial pressure gradients are negligidls, Por
noszlas vith emal) expansion angles this assuaptiom is quite
realistic. As expansion angles incresse, hovever, so Jo redial
rressurs gradients. The wpansion angles of the nossles forwed by
the interuction of detcoating explosives vith the canfining medis
incivase 85 the shock impedance &f the media dacresse. T'w sesulting
increase 'n radis) Pregaure oradients is quits apparent in the
saap<s o denis produced Ly the Lpingswant o the detouaticn om
steel plates., As the »siacu inpedsdce oi tha confining =:’iuz ia
decroased, the ‘hapa of ths dent changes from the nearly rlat
bottomad configwraticn of F*/ure 2 +o tic nearly conicol dsuts

rroaduced by imeontined chawons,

A nozzle promotes tha conversion o thermodynwm.de saargy to
Kostic energy by rresenting a surfece €0 the wapeading gases a.
suck &n angle that & compouneat of to~ 'orce is in the direction of
ascelerstion. 'The imgnitude of this coponant is rr2portional
the uraduat of the prassure and the sins of balf the axpsnsion
For sxall angles, the prassirs changs 1s suall and the acoelara
increacss with the sigle. For larger anglss vhere the radial
Imeamyrr cwadients sxe apprecicbls, Uhe Sresswre at tae amfacs
dacseages until, at scue augls devending upon the tharmodyneeic
charecteriz iro of the gus, it reaches zery. Tie axial comptnent
of Ioves, JA such n ayatem, must go through & maximm, In the
nozzles foumed Jrom conrining tules by datopstions, the nozzle angles,
varying in accordance vith the orinziplas discussil above, also may
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expacted to go through optimums for accelersation of the gases
they changa wiih ths shock ixpadansa o2 the tubss, 7t should be
kapt ip wina that this accalaratiau 15 in the opposite dirsctica to
ths detonation weloclty oo that ths optiam acceleraticn would
corszspond with & mininen forvard momentive and & minfmm dan’ . Tn

Table Vi..me Gita obtalnsd by Savitt(18) soem to swpor thi.
sapectatica.

T™e agrecment batucca equeiiss 2) and esperimental data :rowa
in Filgure 3 var partly the result <€ the similaritcy of the equations
of ctate o the reacticn products of the explcsives used in these
experiments. The geparul usafulness of detoration velocity as &
criterion of explosiva performance also stems from this aimiisarity.
Por scme purcoses And vith certain wrplosives the lack of curvelation
betvween detauntion voluciily periwmmace is povbably related to
variitidis 1n equation of stats. An example of this wes a mixture
o KX with about twenty-tares pexcant of wax and plastic veaias,
Fragoentation resuils vith this axplosive gave much poarer results
than #ould te satisiyeted froa the datonatiom velocity. This
arplorive also made ssailar dents than ware predicted by equation 2).
Furtier invesiigation may lsed to more acourzts predictioams of
axplosive performance ty the use of the mmll scala dent $sst combinet
with the zaell scale detonatica vulucity messurasonts.

BS

foaclurions
Same conclusics which may be drewn foom the fureyuing are hat

1. Tha depth of the dent waich is produced Dy the iagingwaws.t
of a detonation wpon o stesl viate is a function & the leugth of the
detonaticn heal és well as =23 Jeak deotonaticta pregmrrs.

S. WAt the unss of tha coneltt of & &3 Laval moxila, Jorvesi
by {he aciion & the sxplosive on the comfining asdiue, which =2 .vels
with s otiastlom nanss oariils the derivaticn of an axpreision
relatinz the devth of dent to the .ropertias or the explcaive and
of the confining mediua vhich corrslates well vith sxperimmial data
S charges confined in thick setal tules.

3. Thal tia aisis cuuoeys am) e agpiisd o talmmr Sudbes,

h, That the nozzle cumcept aluo may be applied to lang
{7iindrical charges of any carfinemess if & mcce generalizsed treatmsnt
o Bozzle flow than the "hydreulic” toestment 1s used.

5. That the dent test, casbined vith detonatiom velocity
asasuwwnts, can acke more rellabls prodicticns of explosive
verformanise possibie vhere equation of ntate variaticns affset s
seilabliliy of predicticn bDased ar datonation velocity alono.
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CORFIDENTIAL
L‘t"‘.‘- 2 T

Bffects o Radial Case Confinsment for Seall
Cydindrscal Sharges of Fwpny

% Da Dy lae Pc De LU

'

: Confining Nadiwm

7inc Alloy Die Cast 24 0.32 &750 €90 1,362 6.60 k)50
22 0,30 6850 685¢ 1.398 3950
' Nagneeium Die Cast 12 0,17 6750 6950 1.380 1.61 T83M
12 0.17 6700 6950 1.3%0 X,
Bracs 35 0. 6850 5850 1.3% 8.50 A519 k3s0{id)
Regulas Brass 35 S48 6650 6950 1.370 8.50 &5 A29:.(3%)
Brouze 31 042 6700 6350 1.376 8.80 As19 *h720(15) .
30 0.0 6600 6850 1.357 5135
Xatos 3toel 31 0,41 6050 60O 1.282 7.8 MBS0
35 0.07 6250 6350 1.22% 5k50
Regular Steel 36 048 6500 €500 1.250 (.85 s2ho s5882(W)
(1020 Steel) 37 5.50 6400 6900 1.3%1L 5610 52h0(16)
\ Babbitt 27 0.37 6550 6700 1.312 9.73 3mwe3020(16) "
' &y C.3T 6650 6T50 1.322 3217
Magneyiua 13 0.17 6300 6950 1.283 1.76 T8M%
‘ Alminm 17T 0.23 6900 6550 1.332 2.70 6388
B 0.2 680G 6950 i.ﬁ =50 7203(27)

d-depth of deni (thcusandtu of s inch); r-redius of explosive colian
(thrmeandthe of «n inch); De-detomation wvelocity (metars/sec) as
antsTol; ﬁi-&nmg.m ylosity (awtere/ssc) from 4rgs soals masura-

' mente for dsmaity (/B5); So-density 1= vhich emch specimen was lrwity,
l‘{,-dnn;t.: of eonrining mcdium; Dgo-snoek valocisty in confinixg me:ium &
(matars/sec) caloulated from data Zur ench risl using equatica 2);
Di-shock veloeisy ii confining medium meagured by othars, uveiny
varicug techniquea, f£or shocks prednsed by explosives
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Copmeafilon of Hetals Uued for Condin:

Zine Alloy Die Cast

Mo maslime Alloy Die st
Prass

Brouse

Commarcial Brass (Seguiar)
Kstos Steel.

Steel (1020)
Babdbitt

Magnesim

St~a1 {%1:0)

Aluwainum L4.1%; Magnesium ©.04%
Sine remaindsyr

Alumigum Y.7%; Yangansss O.13%
Zlie 0.T0%; Magnesium wvwacilioer

Copper 52.00%; Zisc 35.00%;
Llacd 3.004

Corper 80.0%; Tin 10.00%;
lesd 10.00%

copper 51.5%; 2suc 35.5%;: Lead 3%

Carbon 0.90%; Manganess 12593
T™umgsten 0.5(%; Chromium 0.50%

O ol A THANVDAD B IR 0D 5 4D &

eed e ?ia 10.00%
Mmﬂéw,cmé 50%

Alaainma 2, 5-3 55, Manganaga
V.0 M 17"10 ;t,
01 o3 E.\B.“, Cu. ¢05p -:o
. Jugp max; Fe .0C53 ey,
cthcr elements .3 tas - Romindes

%

Zarbon u.Bbi. Nangaumis 0. 3
Phos. 0.017%; ~.l c.sm-b
1 0.1FPh; C2 .90 a eﬁ;
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Tabie VI

e Lepths Of the Dants Produced in Stsel by various Dismgter
Tstrvl Charges Showing the ¥ffect of Coufinement

= Meimter of  Wail Thicwmess Dants Produced by Tetryl Coufined in ‘B

:
COLuwer: {4nohegy) Braas Bakelite Alr

0.2 0.4 50 19 23 )
0.3 0.35 73 30 al
R | 0.3 93 » 52
0.5 0.25 A 93 T
0.6 0.2 138 70 és

Densiry = 1.6 gafes
Colum isugth - 0.7T5 inches
Lents are nsasured in thousandths of inches
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